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SECUMITY CLASSIFICATION OF THIS PAGE(Whan Data Entered)

UNCLASSIFIED

¢

represented a broad cross section of currently available devices, and
included both gold-based and aluminum gate metallizations with gate
lengths nominally from 0.5(lm to 1.2 @il

L s ——
Physically, DC electrical, and microwave characterization tests of the
FETs are presented first. Optical microphotographs were taken, and SEM
photographs and EDAX measurements were obtained. DC electrical measure-
ments were made of drain current, gate voltage, pinchoff voltage, trans-
conductance, and gate diode reverse breakdown voltage. Microwave charac-
terization included measurements of minimum noise figure and associated
gain, maximum available gain, power output at 1 dB gain compression, and
S-parameters from 2 GHz to 12 GHz.

A discussion of preliminary device failures and losses follows. Results
of environmental characterization tests are then given. These included
hermeticity, temperature cycling, acceleration, random vibration, and
mechanical shock.

Chip devices comprising eight FET types from six manufacturers were sub-
jected to high temperature accelerated stress testing at 200°C, 220°C,
240°C, and 260°C. A total of 59 FETs were temperature stressed at ap-
proximate low noise bias conditions, and 28 FETs were held at tempera-
ture unbiased. RF oscillation suppression networks were built into the
gate and drain bias lines.

Packaged devices comprising eight FET types from five manufacturers were
tested at 85°C, and 120°C. Among the 53 FETs in these temperature tests
29 were low noise biased and 24 were unbiased. Networks in the gate and
drain bias lines suppressed any tendency toward RF oscillations. Hughes
Aircraft Company is continuing these tests.

Packaged devices in an amplifier housing, along with input and output
matching networks, were tested at 200°C channel temperature under DC bias
with CW RF input. Unbiased FETs were also placed in the ovens as controls
These tests were begun late in the program and have not yet yielded much
data. Hughes Aircraft Company is continuing this work.

Failure data on devices in the high temperature accelerated stress tests
were used to make log-normal plots from which the median time to fail-
ure at the stress temperature was inferred. An Arrhenius plot on one
device type is presented and the activation energy is computed. A

least squares approach is used to infer the best fit to the experimental
data.

Prediction is made of the median life expectancy at typical operating
temperatures. Failure modes and mechanisms for both catastrophic and
degradation failures are discussed, and the reliability of low noise GaAs
FET devices is assessed. Failed devices from this program were delivered
to the complementary Rome Air Development Center/Hughes program, "Failure
Mechanism Study of GaAs FET Technology', Contract No. F30603-78-C-0326,

|

for further work.
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EVALUATION

An attempt was made within this contractual effort to assess the reliability
and operating life characteristics of small signal, gallium arsenide (GaAs) metal
epitaxial semiconductor field-effect transistors (MESFETs). The approach was to
have the contractor purchase as many devices as the contract monies would allow
of prominent, off-the-shelf devices which represented a variety of vendor
geometries, processing and metallizations. Appropriate tests were performed on
the devices with the data and analyses providing useful reliability data for military
system developers. Further, the resulting failed devices were to be analyzed in
greater detail under another contractual program with the same contractor
entitled, "Failure Mechanism Study of GaAs FET Technology." Further accelerated
stress test data will be necessary to assess and establish the reliabjlity and
operating life of small signal GaAs FETs. Since this study did not fully meet its
original goals, the reader is cautioned that the data resulting from this program

may have limijtations.

g -

EDWARD J. CALUCCI
Reliability Physics Section
Reliability Branch
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1.0 INTRODUCTION

This is the final report covering Hughes Aircraft Company's work during the period
from 31 August 1978 through 31 August 1980 on Rome Air Development Center
Contract No. F30602-78-C-0295. The objective of this program is to assess the
reliability and operating life characteristics of low noise, small signal, microwave, n-
channel, gallium arsenidr (GaAs), metal-epitaxial-semiconductor field effect transistors
(MESFETs) with a Schottky-barrier gate, and to identify associated failure mechanisms.
Commercially available devices from prominent domestic and foreign sources represen-
tative of current military needs have provided the basis for this investigation. Diverse
types of low noise FETs were selected to allow us to examine a cross section of device

types and processing methods.
Failed devices from this program were delivered to the companion Rome Air Develop-

ment Center/Hughes program, "Failure Mechanism Study of GaAs FET Technology,"
Contract No. F30602-78-C-0326, for additional failure analysis work.(l)
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2.0 PROCUREMENT AND CHARACTERIZATION OF LOW NOISE FET DEVICES

The devices procured for this program are representative of commercial devices
available at the time of procurement (second half of 1978). A sample of most chip
types was optically photographed and examined in the Scanning Electron Microscope
(SEM). X-ray analysis (EDAX) was used where needed to establish constituents of the
metallization. Representative pictures and commentary of the FET types are given.

DC and microwave characterization information follows.

2.1 FET SELECTION

A total of 326 chip devices and 151 packaged FETs was procured for the program.
There are 23 device types from 7 manufacturers. Table 2-1 shows the list of devices
and the tests to which they were submitted. Actual manufacturer's part numbers are
not shown, at the request of the Contracting Officer. Instead, an arbitrary code
designation has been specified for every individual type of device in Table 2-1. "Type
Code" refers to the assigned designation of each FET type. The Type A-10 devices
were made by a different manufacturer from the other A-type FETs. The other unique

initial letters in the type code assignment correspond to specific manufacturers.

In Table 2-1 "Initial Inv* refers to the initial inventory of FETs obtained for the
program. "Prelim Losses" refers to devices that were lost or found unsuitable for the
tests. These are discussed in Section 3. One chip of each device type was subjected to
"SEM/EDAX" examination. "Envir Tests" refers to environmental characterization
tests that are discussed in Section 4. "High T Stress" refers to the constant
temperature tests on chips done at ZOOOC, 220°C, 240°C, or 260°C that are discussed in
Section 5. "Med T Stress" refers to the constant temperature tests on packaged FETs
done at 85°C and 120°C that are discussed in Section 6. "RF Stress" refers to the RF
stress tests that are discussed in Section 7. FETs that are held in reserve are listed in

the "Not Commit" column.

At the beginning of the program several other advertised FET types were sought for
purchase from their vendors. Three of these were withdrawn from the market before
they could be purchased. In some cases improved versions of FET types became

available during the course of the program, and we were able to acquire them for

3
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testing. Specifically, 50 Type A-6 FETs were supplied by the vendor at no cost to
Hughes as replacements for their Type A-1 devices, and 15 Type H-11 FETs were
supplied by their vendor as an improvement over their Type H-1 FET,

Section 3 discusses the reasons behind these substitutions. Additional discussion is
given in Section 5.4, including an explanation of the relatively large numbers of
uncommitted chips of Type H-1 (22 units) and Type N-3 (15 units).

The only other types with appreciable numbers of uncommitted devices are the N-21 (13
units) and N-31 (12 units), both packaged FET types. These were procured for possible
additional tests which, as it turned out, were not needed to complete the program goals.

Table 2-2 is a compilation of vendor's data for the grounded source configuration, where
standard notations are used for the various parameters. Data are given for 18 of the 23

device types. Not represented are FET types D-2, N-21, N-32, P-51, and R-51.

2.2 PHYSICAL CHARACTERISTICS

The FET types for this program were selected to offer a variety of styles of
construction, including both aluminum and gold-based gate metallizations. Table 2-3
shows important physical characteristics of the low noise FETs. Gate lengths of the
devices range from 0.5 to 1.2 um, and different gate geometries are represented.
Source, drain, and chip measurements are also giiren. Reference to Tables 2-2 and 2-3
will aid in interpreting the results given in this report.

2.3 SEM/EDAX EXAMINATIONS

Ten low noise FET chips were given SEM/EDAX examinations at the Hughes Compo-
nents and Materials Laboratories in Culver City, California. Detailed descriptions and
SEM pictures follow.
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Type A-10 (Figures 2-1, 2-2, and 2-3)

SEM photographs show that the gate has been etched down in several steps. The gate is
aluminum, as determined from the EDAX photographs. The gate shows narrowing at its
termination, where it crosses the main mesa. The aluminum metallization is badly
grained, indicating a non-optimum evaporation. The gate pad is composed of
titanium/platinum/gold directly overlaying the aluminum, with a thick gold pad
overlaying the titanium/platinum/gold.

The source metallization EDAX scans show a thick gold bond pad under which is
apparently just a titanium/gold layer overlaying what is probably a gold-
germanium/nickel alloyed contact. The germanium does not appear on the EDAX scan.

There may have been some attack of the aluminum metallization after removal of the
glass overlay, but it is not apparent on these photographs. The gate etching appears to

have undercut slightly the source contact.

Type D-1 (Figures 2-4 and 2-5)

The EDAX scan shows that the overlay glass is partially composed of silicon. The gate
metallization is relatively clean and was obviously accomplished by the lift process.
The gate connector crosses a shallow sloping mesa step. SEM photographs after removal
of the glass show that the gate region was etched prior to metal deposition. Also, the
gate metallization is slightly undercut, perhaps by a slight etch of the underlying
refractory layer after lifting. The thickness of the gate metallization appears to be
somewhat less than half the gate length.

Type D-2 (Figures 2-6, 2-7 and 2-38)

This device had a large flake out of the overlay glass in the gate pad area. There are
anomalies of the gallium arsenide etching in the vicinity of the gate termination. The
gate appears to have been lifted, and the channel has been etched. This device also, as
in the other devices from this vendor, shows some slight undercutting of the gate
metallization. After removal of the overlay glass, the gate has separated from the
GaAs and also has delaminated from the glass.

10
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Figure 2-1 Optical photograph of FET A-10.
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(a)

Figure 2-2 FET A-10. (a) Overall view, 196X,
Glass intact. (b) Gate finger end,
glass intact, 5200X. Note ragged
gate metal edge due to lift-off.
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Figure 2-3

(a)

FET A-10. (a) Channel, glass partly
removed, 5000X. (b) Gate pad, glass
not etched, 5300X. Note ragged gate
edge, Ti/Pt overlay, gold overlay to
right.
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Figure 2-4

Optical photograph of FET D-1.
The processing of this FET is
basically identical to that of
FET type D-2.
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Figure 2-5
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(b}

FET D-1. (a) Overall view, 196X,

{b) Gate finger end, glass not

etched, 4200X. Note interesting

mesa step offset. Gate end crosses
some shallow step as at pad connector.
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Figure 2-6

Optical photograph of FET D-2.
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Figure 2-7

E279%7

(b)

FET D-2. (a) Overall view, 190X
with glass. (b) Gate connector,
glass intact, at 5000X. Note
(white) flake of glass missing
from gate pad on right.
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Figure 2-8

E2758

(b)

FET D=2. (a) 4400X view of gate metal
atter attempted removal of glass with
buffered HF. Two layers are glass and
gate metal. (b) Gate finger end, 4100X.
Gate length, 0.8 um; S-D spacing, 4.0 um.
Glass removed from ohmic contact.
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Type H-1 (Figures 2-9, 2-10 and 2-11)

This device has an aluminum gate metallization. The gate is etched down into the
channe! and, as indicated by the SEM photos prior to removal of the glass, was
apparently formed by lift-off. In this device, as in the others, the aluminum gate was
attacked during the process of removal of the glass. The gate is nearly in the center of
the channel with a slight offest toward the source side, The gate pad is composed of a
gold metallization over aluminum, and the EDAX scan does not show any other metals.
However, we know that the gold is separated from the aluminum by a refractory layer.
One unusual aspect is that the scan of the ohmic contact shows the presence of
chromium as well as nickel. The device has a fairly sharp mesa step, but it is less than
the thickness of the gate metallization. The gate stripe does not have an enlarged area
at the ends and is also not constricted where it passes over the mesa edge. This
uniformity at the mesa edge is probably a result of the use of a relatively shallow mesa

etch.

Type N-2 (Figures 2-12 and 2-13)

This device shows similar constriction techniques to that of the Type N-3 device,
except that in the gate connector area the gold does overlay the aluminum for a short
distance. It is also evident that the aluminum has been etched prior to deposition of the
titanjum, platinum, and gold. This device shows a sharp mesa step, as well as voids in
the aluminum at the point where the gate stripe crosses over the mesa step. The mesa

step appears to be about the same thickness as the aluminum.

Type N-3 (Figures 2-14 and 2-15)

The gate of this device is aluminum, and it is connected to a gold pad by a
titanjum/platinum overlay metallization. The gold does not overlay the aluminum.
Scans of the ohmic contact show only platinum without any traces of the gold or
germanium. This observation is probably an artifact of the EDAX measurement, as it is
known that the gold-germanium alloyed contact is used for this process. The gate was
largely destroyed in the process of removing the glass, and we werc able to observe that
there was no etching of the GaAs prior to the deposition of the gate. This construction

19
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Figure 2-9

E2241

Optical photograph of FET Type H-1.
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Figure 2-10
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{b)

FET H-1. (a) Overall view with
glass, 164X. (b) Gate connector,
glass intact, at 1800X. Note
ragged gate edges due to lift-off,
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(b)

Figure 2-11 FET H-1. (a) Gate finger, 9000X, with
glass. (b) Gate finger after buffered
HF etch to remove glass, 4500X, Note
etched channel under gate.
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Figure 2-12

FET N-2.
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Optical photograph.
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(a)

Figure 2-13

(b)

FET N-2. (a) Gate pad, 1800X, with glass
intact. (b) Gate finger end, 9000X, glass
not etched. Note slight undercut of gate
metal. Effective gate length is 0.9-1.0
um, S-D spacing 2.3 um.
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Figure 2-14

Optical photograph of FET N-3.
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Figure 2~15

E2762

(b

FET N-3. (a) Overall view, 220X,
glass not etched. (b) Gate
connector view, 1800X, glass not
etched. S-D separation is 1.7 um.
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is in accord with the use of the self-aligned process. However, a photograph of the gate
electrode taken prior to removal of the glass clearly shows that the gate is not in
contact with the GaAs as it crosses over the mesa step and is considerably narrowed
there. The gate also shows evidence of some etching prior to deposition of the

titanium/platinum overlay connector.

Type P-4 (Figures 2-16, 2-17 and 2-18)

The gate metallization is aluminum and has been etched down into the channel. In
addition, the ohmic contact metallization has also been etched down into a channel.
The edge acuity on the gate is not particularly good, and the thickness of the gate
electrode is less than half the gate length. Also, the gate etching appears to have been
carried out on the [110] direction, such that the gate channel walls are vertical if not
slightly undercut. This leads to spaces around the gate metallization that together at
least equal the gate metallization length. In addition, the depth of gate etching is
apparently about equal to the thickness of the gate metallization. There appears to be
no overlay over the ohmic contact metal. The mesa step is sloping, and there is good
coverage of the gate over the mesa edge. Obviously, the crystal directions were chosen
to provide the sloping mesa edge, and this choice results in the undercutting of the gate

etch.

Type P-5 (Figures 2-19 and 2-20)

The construction of this transistor is virtually identical to that of the P-4 device. In
the SEM photos there are some clear views of the gate not crossing over the mesa, due
to incomplete exposure of the photo resist, and very nicely formed undercut walls of
the etched channel. In this particular case, the depth of channel etching is perhaps
nearly twice the thickness of the gate metallization, which is very deep for a low noise
device. Scans of the ohmic contact metal on this device, as well as on the P-4 device,
show no evidence of anything other than gold. Gate metallization is aluminum,

probably formed by liftoff.
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Figure 2-16  Optical photograph of FET P-4.
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Figure 2-17

E2783

{b)

FET P-4. (a) Overall view, 162X.
Device has no glass as received.
(b) Gate connector, showing very
deep recess. Note beveled mesa
edge.
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Figure 2-18

(a)

-ty

s
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{b)

FET P-4. (a) End of channel, 4200X. Note
recessed 5-D ohmic contact. S-D spacing
is 4.0 ym. (b) Gate finger end over mesa
edge, 18,000X. Note undercut of gate
channel, indicating use of preferential
etch, Gate length, 1.1 um; thickness,
2800%.
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Figure 2-19 FET P-5. Optical photograph. This device
is identical in geometry and basic construc-
tion to the P-4.
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Figure 2-20

-y

{a}

TR TR R

{b)

FET P-5. (a) Gate finger end, 4500X, showing
ragged and recessed S-D metal and recessed
gate, S-D spacing, 4.9 um. Gate length,

0.9 um. (b) Resist defect at end of gate
finger. Evaporant arrived from left, shadowing
the profile. Gate etch depth, 1.3 um; 28008

of Al.
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Type R-2 (Figures 2-21, 2-22 and 2-23)

On this device we have an EDAX scan of the gate showing that it is aluminum. The
topography of the device shows that the gold metallization, because of the choice of
mask geometry, overlaps onto the aluminum. The gate is obviously formed by liftoff and
has a relatively tine grain. 1t is also recessed into the channel by a slight etch, which is
perhaps /3 of the thickness of the gate metallization. Detailed pictures of the gate
connector metallization show a number of what appear to be separations between the
transition and the gate metallization. Pt was found by EDAX in the area where a
refractory barrier layer should be between the Al gate and Au pad. The mesa step is
cut in two steps so that there is a series of steps for the gate connector, but in the
region where the gate runs over the end of the mesa there appears to be only one step,
which is perhaps three times the height of the gate metallization. The gold
metallization over the ohmic contact appears to be quite thick as well and is probably
formed by ion etching, judging from the geometry of the edges. The channel has been
etched to the edges of the S-D metal, probably by ion etching or sputtering prior to
deposition of the gate electrode. This ion etching process may also be responsible for
some of the breaks seen in the gate connector metallization, as it is known that
preferential etching of a surface in the vicinity of an adjacent side wall occurs due to
ricochet of the sputtered atoms. Figure 2-23(b) clearly shows complete separation of

the gate metallization from the connector.

Type R-5 (Figures 2-24, 2-25 and 2-26)

This device has a gold-refractory gate metallization, and the EDAX scan also shows the
presence of chromium. The gate geometry is quite regular and well defined and is
recessed into the channel by an amount that is nearly equal to half the gate thickness.
The gate thickness is greater than haif the gate length. In this device also, the ohmic
contact metallization has been recessed into the epitaxial layer. The device had no

glass coating.

33




Figure 2-21

Type R-2 FET, optical photograph.
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Figure 2-22
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Type R-2 FET. (a) Overall view, 88X, glass
intact. Arrow shows view of Figure 2-23(b).
(b) Gate pad area. Light area at top is

gate pad opening in the glass. 860X, glass
intact. Note gray refractory metal band just
below gold gate pad.
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Figure 2-23

(b}

Type R-2 FET. (a) Glass removed, 4200X. Gate length,
1.4 uym; S-D separation, 7.3 wm. Note channel etch around
gate and GaAs etching at S-D edges. (b) Class etched
off, 4400X. Detail of gate pad connector, Gate to left.
Note separated pad over step. Refractory metal band is
visible, lower left.
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Figure 2-24 Optical photograph of .Type R-5 FET.
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Figure 2-25  SEM photograph of FET R-5 at 4300X.
Note the white fringe of metal om
the source electrode (left-bottom
of picture), indicating poor 1lift-
off. Note recessed gate and source/
drain electrodes. Gate length is
1.1 ym, S~D separation is 4.4 um,

38




E2769

Figure 2-26 SEM photograph of gate finger end, FET R-5 at
18,000X. Estimate 500-10008 of CR,
overlaid by 4500-5000R of Au.
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The gate edges are quite steep and sharp, and the gate is centered in the etched
channel. This centering could only have been done by a self-aligned process, so it can
be concluded that the gate was achieved by liftoff. The process was well done,
however, because the gate edges show no evidence of any shearing of metal during the
lifting process. Interestingly, the EDAX scan shows evidence of chromium and nickel in

deep probing of the source and drain pads.

Summary

The SEM/EDAX examinations revealed much about the processes and materials used in
these devices. However, only limited data could be obtained concerning composition of
thin refractory metals under thick gold layers. In some cases a gallium etch developed
by Hughes on another RADC program was used to remove the gold metal, thereby
exposing the underlying refractory metallization for SEM/EDAX examination. See
Section 3.4 of the Final Report, "Failure Mechanism Study of GaAs FET Technology,"
Contract F30602-78-C-0326.()

the composition of the glass overlayers.

The EDAX measurements, as expected, did not reveal

2.4 DC MEASUREMENTS

All test samples used for this investigation were measured (generally with a Tektronix
576 Curve Tracer) to determine their important DC characteristics. Most were also
measured for RF characteristics near 10 GHz and for S-parameters over the 2-12 GHz
frequency range, as discussed in succeeding sections. The several DC characterization
procedures that generally were used are described below.

Before being tested, each FET chip sample was permanently mounted on a | cm2
alumina microstrip carrier (Figure 2-27) using Au-Sn eutectic and gold wire bonds.
These carriers provide a safe and convenient means of handling and testing the devices.
The microstrip is a good medium for both DC and microwave characterization of the
FET, and the life test ovens are designed to use the carriers for applying DC bias to the
FETs.
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FET CHIP
WIRE BONDED

PLATED-THROUGH
HOLE

CHIP BONDING PAD

0.635 mm A1203 SUBSTRATE
10 x 10 mm

GROUND PLANE

(a) Top view

PLATED-THRU WIRE BONDED

FET CHIP SUBSTRATE

ey

GROUND PLANE

(b) Cross section through center perpendicular to
microstrip lines.

Figure 2-27 One cm2 microstrip chip carrier.
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During DC testing the carriers are clamped in a microwave test fixture with X-band
bias tees and are terminated by a 50 ohm load. The bias circuits described in Section 5-
1 are connected to the bias tee DC ports. The FETs were always tested and operated
with the source grounded. Full DC characterization was done before stress testing

began and periodically during testing.

Figure 2-28 shows a typical set of GaAs FET current-voltage (I-V) curves, as seen on a
curve tracer with the FET connected in the common source configuration. The primary
DC characteristics that are generally important to low-noise operation and our standard

measurement conditions are summarized below.

o Specific Drain Current

DS: ID for VD = 0.5 V, VG =0

The specific drain current is measured in the linear portion of the I-V curves

and is a useful measure of source-drain parasitic resistance,

° Saturated Drain Current

1 HE| for VvV = L5V, V

pss* Ip D 0

G =

Although the data in Table 2-2 indicate that I is typically measured at a

drain voltage of 3 volts or more, when we megiismeasurements on the curve
tracer we found that the devices tended to oscillate unless we reduced the
drain voltage below 3 volts. To assure a consistent, stable set of DC
measurements we standardized on making all IDSS measurements at a drain

voltage of 1.5 V.

° Low-Noise Transconductance

8y’ AlD/AVG at V, = L.5V,Vv. from -0.5V to -1.0V

D G
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3
DRAIN VOLTAGE, Vp, V

Figure 2-28 Typical GaAs FET I-V curves for

the grounded source configuration.
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This is a measure of the gain of the transistor in the neighborhood of the
maximum RF gain point.

o Low-Noise Gate Bias

4v,1

s’ Va p * *Vilp = 10mA

Optimum low-noise operation is typically somewhere in the neighborhood of
this bias point. VGS was always measured at the oven temperature. The

other DC parameters were always measured at room temperature.

e Gate Pinchoff Voltage

Vp: VG for VD =3 V,lD = 100 uA
This is a convenient measure of the gate bias necessary to fully deplete the

intrinsic source-drain channel of free majority carriers.

Besides the five DC parameters discussed above, we monitored the reverse breakdown
voltage characteristic of the Schottky-barrier gate. Our procedure was to short the

drain to the grounded source and then to monitor the gate current I . as reverse bias

voltage was applied to the gate. Typically, we would record the rev(e;rse gate voltage
that resulted in -3 p A gate current, provided the gate voltage did not exceed -10 volts.
In some cases, in order to obtain measurable current, the reverse gate voltage was
allowed to exceed the manufacturer's recommendations, but only if the magnitude of
the gate current remained small (less than 3 to 4 pA). Usually, over time the gate
diode reverse characterjstic remained substantially unchanged, unless the gate diode

failed, in which case the reverse gate current increased an order of magnitude or more.

In addition to these specific parameter measurements, a photographic record of the full

family of 1-V curves was made.

Typical initial measurements of DC parameters for the low noise FET devices are given
in Table 2-4. Manufacturer's specifications for the parameters were presented in
Table 2-2.
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TABLE 2-4

TYPICAL INITIAL MEASUREMENTS OF DC PARAMETERS
FOR THE LOW NOISE FET DEVICES

(See Note)
232 Ipg» ™A Ipgg» ™A Vest Vv Vor ¥ 8y» mmho
‘ A-10 22 43 -4.0 -2.50 32
A-6 29 . 45 -1.2 -1.75 28
D-1 25 47 -3.0 -2.50 35
D-2 17 37 -1.3 -2.00 28
H-1 27 51 -1.5 -1.70 46
H-11 26 48 -1.7 -2.10 40
N-3 20 42 -2.5 -1.75 30
| pes 40 70 -2.2 -4.50 30

Note: Measurements were made at room temperature for all parameters
except Vgg. Vgg measurements were made on the FETs in the oven
at the stress temperature.
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2.5 RF TESTS

In addition to DC measurements, RF measurements were made near 10 GHz on most
devices. Measured parameters included minimum noise figure and associated gain,
maximum available gain, and power out and gain at | dB gain compression. The
S-parameter measurements are discussed in the following section. After the initial
characterization, RF and S-parameter measurements on devices undergoing tempera-
ture stress testing were taken on about 20% of the devices, with full characterization

again following the end of the tests.

For the noise figure, power, and gain measurements, the manufacturer's recommenda-
tions we followed in setting the DC bias conditions. For uniformity in the RF tests we
used a frequency of 10 GHz (sometimes 10.05 GHz to avoid RF interference from a 10
GHz TWT in the laboratory), although the manufacturer may not specifically have
recommended operation at 10 GHz. As a consequence of testing some devices at a
frequency other than the manufacturer's suggested optimum frequency, absolute values
of ncise figure, power out, and gain may not be compared. We were able to observe,
however, when parameter values changed. As the formal failure criteria (see Section
2.7) were specified in terms of changes in DC parameters, the RF and S-parameter data

are useful mainly for corroborative purposes,

e Minimum Noise Figure and Associated Gain

The minimum noise figure Fmin and associated gain G, were measured near
10 GHz following the manufacturer's recommendations for the DC bias
conditions. These device characteristics were tracked not only because they
are a direct indication of operational performance, but also to investigate the
correlations between the aging characteristics of the DC and RF parameters.
Measuring RF characteristics is considerably more expensive and time
consuming than measuring DC characteristics; therefore, if significant corre-
lations can be obtained, cost and time savings can be made by relying
primarily on DC measurements, with RF measurements used only for spot

checks and confirmation.
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A schematic of the Fmin'Ga measurement system js shown in Figure 2-29. The device
under test (DUT) is mounted between two double-slug tuners. This combination forms a
single-stage amplifier, which is manually tuned for minimum 10-GHz noise figure. The
calibrated noise source and precision noise figure meter are connected to the amplifier
input and output ports, respectively, for this purpose, The associated gain of the
amplifier is measured by switching its input to the 10 GHz sweep oscillator signal and
its output to the microwave power meter, The measured noise figure Fmeas and
associated gain Ga are then used to calculate the minimum noise figure Fmin of the
FET:

F -1
F . = 9

F -
min meas Ga !

where Fo is the measured noise figure of the output circuitry, consisting of the output
bias tee, isolator, switch, mixer, IF amplifiers, etc. No correction was attempted for

the losses of the double-slug tuners.

. -G
min " a
measurements. Table 2-5 summarizes the results of Fmin'Ga measuremerts on

A comment is in order concerning the measurement accuracy of the F

accelerated-life-test control FETs that were carried out on a previous RADC pro-
gram.(z) The RF failure criteria adopted for these life tests were Fmin = +0.5 dB and
Ga = -1.0 dB. The combined RF measurement errors (standard deviations), as shown at
the bottom of Table 2-5, are thus 26% and 32%, respectively, of these limits. At least
two factors contributed to these relatively large measurement errors. First, the SMA
coaxial connectors used in the measurement system were sensitive to mechanical
stresses and could have relatively poor repeatability. Second, tuning of the input and
output double-slug tuners is subject to operator errcr. To improve the accuracy and
ease of making RF measurements, during the course of the program we converted our
RF test setup to use APC-7/microstrip connectors and 7 mm slab-line tuners, which

have lower loss and better reproducibility than SMA coaxial connectors.
Because of the difficulty and cost of making noise figure and gain measurements, some

investigators have used fixed-tuned single-stage amplifiers for RF measurements,

Although this procedure significantly reduces measurement error and the operator time
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Figure 2-29 10-GHz noise figure and gain
measurement system.
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TABLE 2-5

SUMMARY OF RF MEASUREMENTS ON CONTROL FETs FROM A
PREVIOUS RADC RELIABILITY PROGRAM (2)

Average Value

FET Control o§u¥:;:s (Standard Deviation)
Type FET No. Measured Frnin» dB Ga' dB
| A2 A2-C1 18 3.097 (0.127) 5.990 (0.309)
| -C2 12 3.070 (0.122) 6.132 (0.361)
| -c3 14 3.381 (0.169) 6.006 (0.313)
B B-C1 8 3.119 (0.122) 6.659 (0.219)
| -C2 6 3.332 (0.140) 7.400 (0.491)
i -C3 8 3.086 (0.082) 7.000 (0.256)
i
| C c-Cl 9 3.623 (0.112) 6.499 (0.406)
-C2 6 3.455 (0.194) 7.103 (0.340)
-C3 8 3.466 (0.124) 6.793 (0.380)
All All 89 (0.129) (0.324)
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required, extracting the actual device RF characteristics from the overall circuit
characteristics is difficult. We have chosen to tune the FETs individually.

e Maximum Available Gain

The test setup of Figure 2-29 was tuned for maximum gain Gmax using the
manufacturer's recommended settings for DC parameters, with zero voltage

on the gate. The frequency was near 10 GHz.

e RF Power Output and Gain at | dB Gain Compression

The drain voltage was set the same as for the | measurement. The

DSS
negative gate voltage was then adjusted until the drain current was 0.5 [D

SS*
As the RF drive level near 10 GHz was increased from zero, the RF power
output and gain were monitored until the gain decreased 1 dB. The RF output
power at this point was recorded as P_l dB’
Typical initial measurements of RF parameters at 10 GHz for the low noise
FET devices are given in Table 2-6. Manufacturer' specifications for the

parameters were presented in Table 2-2.

2.6 S-PARAMETERS

Scattering parameter (S-parameter) measurements were made on the low noise FET
chips and packaged devices using one of two automatic network analyzer (ANA)
systems. Early measurements in the program were made on the somewhat limited
facilities of another Hughes division. Later measurements were made in our own
laboratory at the Hughes Torrance Research Center using the Hewlett-Packard 8542B
ANA system. This facility has the capability for limited de-imbedding of the FET
device S-parameters from the overall measurements and can also make Smith chart
plots automatically over the frequency range for each S-parameter. We have also been
working on internally-funded programs to improve the accuracy and reproducibility of
S-parameter measurements with the | cm2 microstrip carrier shown in Figure 2-27,
Throughout the changes and modifications, care has been taken to assure continuity of

the test results as much as possible.
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TABLE 2-6

TYPICAL INITIAL MEASUREMENTS OF RF PARAMETERS AT 10 GHz
FOR THE LOW NOISE FET DEVICES

Type Code Fmin’ dB Ga’ dB Gmax' dB P-ldB' dBm
A-10 4.0 6.4 10 +4
A-6 2.7 7.7 10 +10
D-1 6.0 5.1 6 +2
D-2 4.6 8.0 9 - +4
H-1 3.9 5.0 10 +13
H-11 3.8 5.4 9.5 +9
N-21 5.4 6.0 10 +5
N-3 3.6 6.2 7.2 +7
N-31 3.4 9.5 13.6 +9
N-32 5.2 7.4 8.3 +8
P-5 3.0 5.4 7.9 +7

Note: These measurements were made at 10 GHz, using DC bias conditions

suggested by the manufacturer for optimum performance not

necessarily at 10 GHz, as shown in Table 2-2. |
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The HP 8542B automatic network analyzer is capable of making detailed scattering-
parameter measurements to 18 GHz. However, results are limited to 12 GHz because
of parasitic effects in the carrier. The S-parameter data were taken in 200 MHz steps

from 2 to 12 GHz and are stored on magnetic disk to be retrieved at any time.

The ANA configuration is standard and will not be described here. The measured
S-parameters can be used to calculate the impedance or admittance characteristics of
the FET. The data can also be used to calculate the maximum available gain, maximum
stable gain, etc., of the device as a function of frequency. BRecause for this study we
were interested in low-noise operation of the tested GaAs FETs, all S-parameter

measurements were made with DC bias set at VDS = 3.5V and IDS = 10 mA.

Most devices were given an initial S-parameter characterization, and devices surviving
the stress testing programs were [00% characterized. During the course of the
temperature stress tests, each time an oven was cooled for device testing, S-parameter
measurements were made on about 20% of the FETs (same devices each measurement
time)., Table 2-7 gives typical initial measurements of S-parameters at 6 GHz for the

fow noise FET devices.

2.7 FAILURE CRITERIA

Two objectives of this investigation are to estimate the expected mean time to failure
(MTTF) for operational GaAs FETs and to estimate the activation energy Ea of the
primary failure mode. To do these required that we specify criteria for determining
when a device has failed. The criteria adopted for this program are listed in Table 2-8,
using the standard measurement conditions discussed in Sections 2.4 and 2.5. For two
of the important DC parameters, IDSS and 8m? functional failure of the GaAs FET is
assumed to have occurred if one of these parameters has changed by 10% or more. The
specific drain current ]DS’ however, is allowed a larger variation (20%). The criteria
are the same as those used by Hughes previously. These were based on the results of a
sensitivity analysis of the equivalent circuit model for a Type N-2 low-noise GaAs
FET.(B) Because most state-of-the-art FETs have similar equivalent circuits, in spite of
differences in layout or processing, these failure criteria should also be reasonably valid
for other types also. Section 5.8 discusses the effects of test design on the measured
data.
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TYPICAL INITIAL MEASUREMENTS OF S-PARAMETERS AT 6

TABLE 2-7

LOW NOISE FET DEVICES

GHz FOR THE

S
11 21 12 22
Type
Code | f, GHz | Mag | Phase| Mag | Phase | Mag | Phase| Mag Phase
A-10 6 0.81 -79°] 1.5] 105° 0.05 37° 0.71 -38°
| A-51 0.68 166 1.5 24 0.12] -21 0.36 ~135
A-6 6 0.80( -92 2.2} 103 0.07 38 0.65 -39
Q
|
| D-1 6 0.60| -156 1.3 27 0.04| ~-18 0.75 -95
' p-22 6 0.75| -122 | 1.8 65 |o0.04] 18 | 0.73| -66
D-2 6 0.83| -58 1.41 116 0.06 49 0.78 ~-30
H-1 6 0.72| -104 1.5 114 0.07| 43 0.58 -53
H-11 6 0.72( -100 1.7 89 0.06 43 0.65 -49
H-1A1 6 0.60| =172 1.8 25 0.06 3.3] 0.55 7 -103
H-21 6 0.907 -128 2.0} 65 0.06 8 0.73 -65
N-21 6 0.78] ~-112 1.6 70 0.04 30 0.76 -53
N-3 6 0.80 ~-72 1.8 138 0.01 39 0.74 -39
N-31 6 0.81{ -120 1.8 59 0.03; 9 0.67 -87
N-32 6 0.81] ~-112 2.1 72 0.03] 45 0.70 -70
Note: DC bias conditions were vD = 3.5 V and ID = 10 ma.
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b st

TABLE 2-8

LOW-NOISE GaAs FET ELECTRICAL FAILURE CRITERIA

Parameter Prescribed Failure Limit
o
+ o
MDS *+20%
109
AIDSS +10%
‘\ + o
S8 10%
RF
AF +0.5 dB
min
AG -1.0 4B
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Ultimately, of course, the microwave aging characteristics of the FETs become of
greater operational importance than the DC characteristics. For low-noise amplifier
applications we have assumed, as shown in Table 2-8, that an increase of 0.5 dB or more
in minimum noise figure or a decrease of 1 dB or more in the associated gain represents
reasonable limits for signifying RF operational failure. These failure criteria were
taken from a previous program 2 and apply to measurements of device minimum noise
figure in which the bias and input/output tuning conditions are adjusted each time to
obtain Fmin' An argument can be made for defining failure on the basis of
measurements performed with specific fixed bias and tuning conditions, as these would
represent the most likely conditions of circuit application. That approach was not
taken on this program, however, because (1) considerable effort and expense would have
been required to design, fabricate, and tune the necessary single-stage amplifiers; and
(2) we are more interested in the aging characteristics of the FETs themselves than of
circuits incorporating them. The techniques involved in measuring the RF parameters
of a GaAs FET are generally more difficult, expensive, and tiine consuming than those
required to measure its DC parameters. Also, RF measurement errors are significantly
larger with respect to the failure criteria than are the DC measurements, as

(2)

demonstrated on a previous program. Therefore, throughout the accelerated life
tests, we have relied on the DC failure criteria for determining device failure. The RF
measurements were made on a more limited basis and were used to investigate the
realtionships between DC and RF aging characteristics. Even though some investiga-
tors have concluded that there are no reliable or consistent relationships between DC
parameter changes and RF failure, we believe that the DC data still provide valuable
information with respect to device aging. Our data also show that there is some
statistical correlation between DC and RF changes, although the considerable scatter
tends to obscure this relationship for any single device.(Z) Additional discussions on this

topic are given in Sections 5.9 and 7.0.

During the tests, failure modes other than electrical failures were also observed and
were usually obvious: open bond wire, cracked chip or substrate, loss of package
hermeticity, etc. As our interest is in determining the MTTF at high temperatures and
then extrapolating the results to lower normal operating temperatures, it is vital to
select from the accumulated failure data those failure modes that were accelerated by
the elevated temperature and, if possible, due to a single failure mechanism. Observed
failure modes will be discussed in detail in subsequent sections.
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3.0 PRELIMINARY DEVICE LOSSES

Significant numbers of FETs were initially inventoried, but were not able to be used in
the formal testing program. Such devices are categorized as "preliminary device
losses" and are discussed in this section. Table 3-1 categorizes the preliminary device

losses and failures.

The categories of failure are somewhat arbitrary, as difficulties with the metallization
or with wire bonding could feasibly be ascribed to inadequate operator training or skill.
However, our technicians do competent work, and we have therefore chosen in general
to categorize initial failures as due more to inadequate manufacturing than to

inappropriate operator techniques.

Tabie 3-2 lists our resolution of the major difficulties with the low noise FET device
types shown in Table 3-1. In the cases of FET types A-1 and H-1 we had purchased
substantial numbers of devices, 50 and 76 units, respectively. When the suppliers were
contacted about our difficulties with their devices, they immediately sent us replace-
ment units of an improved type. In the cases of FET Types N-2, P-5, and R-5 we had
purchased only about ten units each. As the testing of these devices had been planned
not to be a major effort under this program, replacement devices were not sought from

the suppliers.

Major preliminary device Josses on similar devices procured for systems applications
would have been prevented through a procedure of buying to necessary specifications
and then implementing appropriate incoming inspections, including an initial burn-in
period. As we wanted to receive devices for this program in the same condition as
supplied by the manufacturer, we waived incoming inspection on all units. Conse-
quently, we feel that no manufacturer's devices should be disqualified on the basis of
our experience with these preliminary losses. It is our recommendation, therefore, that
FET devices be purchased to satisfy needed specifications and be subjected to incoming
inspection, and that the supplier be contacted immediately in the case of any problem.

Without exception, we have found our vendors to be most cooperative.
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TABLE 3-1
PRELIMINARY DEVICE LOSSES AND FAILURES

Initial Loss Mode
Type | Inventory|| Operator | Physical [Contact| Wire | Electrical
Code ) (Chip) Learning | Fracture| Metal | Bonds | (initial) || Total
A-1 50 50 50
A-6 50 5 10 15
| A-10 | 15 1 1 3 1 6
' D-1 11 1 2 3
: D=2 11 i 2 1 2 5
H-1 76 20 1 21
| H-11 15 1 1 2
N-2 10 9 9
N-3 61 3 2 5
P-4 3 0
P-5 11 1 4 5
R-2 2 1 1
R-5 11 10 10
Total 326 28 5 72 10 17 132

Note: 1In addition to the above chip losses, 21 packaged FETs were
destroyed in preliminary testing, most of these failing
during initial attempts to mount and apply bias to the FETs

in the medium temperature ovens.
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TABLE 3-2

RESOLUTION OF MAJOR PRELIMINARY DIFFICULTIES WITH LOW NOISE
FET DEVICE TYPES

—
Type Code Observation Resolution

A-1 Gate bond pad gold metalli- Supplier replaced all

zation delaminated FETs with improved
units, Type A-6.

A-6 Source and drain were Supplier furnished cor-
incorrectly identified on rected data sheet.
manufacturer's data sheet

H-1 Dice were brittle; gold- Supplier provided
aluminum alloy formed improved units,

Type H-11.
N-2 Bond pad gold metalliza- These widely used FETs
tion delaminated may have had a lot or
operator problem. A
higher reliability grade
) FET should be specified.
‘ P-5 Bond pads had thin gold Bonding wires were
l metallization over hard smeared in to make
< metal, causing bonding contact.
' difficulties
( R-5 Bonding pads were badly Avoid excessive testing.
’ scarred from previous
testing
Note: Incoming inspection was waived on all units.
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4.0 ENVIRONMENTAL CHARACTERIZATION

Environmental characterization refers to tests conducted for the purpose of determin-.
ing device reliability under various environmental conditions. We chose to characterize
the packaged FETs, rather than the FET chips, because chip devices are normally used
in hermetically sealed enclosures where humidity is low. The FET metallizations are
known to be thin, and the susceptibility of the metals to degradation in various humidity
and corrosive environments is well known from silicon device technology. Therefore,
we felt it more important to characterize the packaged FETs, because one has the

impression that they should be rather immune to environmental effects.

4.1 PACKAGE STYLES

A presentation of package styles was reserved for this section because the question of
package reliability first arises in a discussion of environmental tests. Packaged devices

were used also in the low temperature tests discussed later.

Photographs of package styles for FETs used in environmental tests are shown in
Figures 4-1 through 4-4. These include 70 mil and 100 mil microstrip packages, as well
as the large H-21 package, the large 140 mil N-31 package, and the P-51 stud package.
Both R-51 FETs were the only packaged devices showing hermeticity failure. These
two FETs were also the only packaged devices that exhibited internal failures during

the course of the environmental testing sequence.

4.2 ENVIRONMENTAL TESTS

Environmental tests performed on the low noise packaged FETs were temperature

cycling, acceleration, random vibration, and mechanical shock. Hermeticity was

checked at every step. We did not do salt-spray and humidity tests, preferring instead
to measure possible package leaks directly., We were primarily interested in issues such

as wire and die bond integrity and damage to the small packages during these tests.




Figure 4-1

(b)

(a) Type R-51.
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(b)

Type D-1.




Figure 4-2

(b)
(a) Type D-2.
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(b) Type H-21.

E2771




E2772

(o)

{6}
Figure 4-3  (a) Type H-1Al., (b) Type N-21,
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Figure 4-4

(a)

(b

(a) Type N-31.
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(b) Type P-51.




These packaged devices were handled using accepted static suppression techniques.
E-Kote 3030 (silver paint) was applied as a terminal shorting system before the devices
were transferred from the electrical test site to the environmental test site. The paint
was removed with solvent prior to all DC test steps. The porosity of the paint was
considered to be a potential source of misleading helium leak test information, but no

problem appeared.

Complete environmental test data on the 16 devices are given in Tables 4-1 through
4-8. All tests conformed to the applicable MIL-standard, as listed in the left column of
these tables. In addition, two type D-22 FETs were included in the test group as
controls to give confidence in the other device measurements. They were given the
same DC tests as the test devices at each stage, but they underwent no environmental
testing. Measurements on these two type D-22 control devices are shown in Table 4-9.

The consistency of the measurements validates the data from the test devices.

4.3 FAILURE ANALYSIS OF ENVIRONMENTAL FAILURES

Failures of devices assigned to the environmental testing procedures were observed as
follows:

l. A Type P-51 device apparently failed temperature cycling when a 3300-fold

increase in the reverse gate current was observed.

2. A Type R-51 device failed the hermeticity test after random vibration.
(Device No. 11).

3. A Type R-51 device failed the initial hermeticity test. This device was kept
in the environmental test sequence and later failed after random vibration
due to a drain-source short. (Device No. 1.)

Because the third device listed above had already failed hermeticity before the formal
environmental testing sequence had begun, strictly speaking, failure of this device
cannot be accounted to the environmental testing program. However, as the later

drain-source short, which appears unrelated to the non-hermeticity of the package,
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TABLE 4-1.

MEASUREMENTS ON D-11 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE D-11 NO. OF DEVICES

-2

Vo ¥
Test Sequence _ ,
and the Test Device | Ips® ™A | Ip = 100 wA I

Specification Used No. V. = 0,5V VD = 3.0V uA

Hermeticity,
Std. ce/sec.
He

.0 Initial DC test and 4 24 -1.60 -3.0 @ -17v

3.5 x 10'9

Hermeticity per
MIL-S-883B, 5 22 -1.75 -3.0 @ -19v
Sect. 1014.2(A)

4.0 x 1077

.0 Temp Cycle:
MIL-S-883B,
Sect. 1010.2(C),
Step 2,4

.0 DC Test and Hermetic- 3 24 -1.60 -3.0

ity as at (1.0)

.0 Acceleration:
MIL-S-883B,
Sect. 2001.2(c),
Y1, 20 Kg's

.0 DC Test and Hermetic- 4 23 -1.58 -3.0

ity as at (1.0)

.0 Random Vibration:
MIL-S-202 15g,
45g, 60g, Y1 Axis

.0 DC Test and Hermetic- 4 22 -1.60 -3.0

ity as at (1.0)

.0 Mech Shock:
MIL-S-883B
Sect. 2002.2(C)
Y1, 3 Kg's

.0 DC Test and Hermetic- 4 19 -1.61 -3.0

ity as at (1.0)
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TABLE 4-2

MEASUREMENTS ON D-22 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

————
DEVICE D-22 NO. OF DEVICES 2
Vp, v
Test Sequence - Hermeticity,
and the Test Device IDS' mA ID 100 vA IG' Std. cc/sec.
Specification Used No. VD = 0.5V VD = 3.0V uA He
1.0 Initial DC test and 9 17 -1.87 |-3.0@-8v |5x107°
Hermeticity per —9
MIL-S-883B, 10 17 -1.65 -3.0 @ -8V 5 x 10
Sect. 1014.2(A)
2.0 Temp Cycle:
MIL-S-883B,
Sect. 1010.2(C),
Step 2, 4
3.0 DC Test and Hermetic- 9 17 -1.86 | -3.0 5 x 1070
ity as at (1.0) -9
10 17 -1.65 -3.0 5x 10
4.C Acceleration:
MIL-S-883B,
Sect. 2001.2(C),
Y1, 20 Kg's
5.0 DC Test and Hermetic- 9 16 -1.84 | =3.0 5% 10°
ity as at (1.0) -9
10 17 -1.65 ~3.0 5 x 10
6.0 Random Vibration:
MIL-S-202 15g,
45g, 60g, Y1 Axis
7.0 DC Test and Hermetic- 9 17 -1.84 ~3.0 5x 1070
ity as at (1.0) o
10 17 -1.65 -3.0 5x 10
8.0 Mech Shock:
MIL~-S-883B
Sect. 2002.2(C)
Yl, 3 Kg's
9.0 DC Test and Hermettic- 9 17 -1.80 -3.0 5x10°
ity as at (1.0) oy
10 17 -1.63 -3.0 5 %x 10
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~

MEABUREMENTS ON H-1Al DEVICES FOR ENVIRONMENTAL

DEVICE H-1Al

Test Sequence
and the Test

Specification Used

TABLE 4-3

CHARACTERIZATION TESTS

Device
No.

NO. OF DEVICES

-2

VD = 0.5V

v
P
ID =

VD =

, v
100 uA
3.0v

G’
uA

Hermeticity,
Std. cc/sec.
He

1.0

Initial DC test and

40

-3

.50

-3.0 @ -6V

3.5 x 1077

Hermeticity per
MIL-S-883B,
Sect. 1014.2(A)

11

38

-2.

75

-3.0 @ -9v

3.0 x 1070

2.0

Temp Cycle:
MIL-~S-883B,
Sect. 1010.2(C),
Step 2,4

3.0

DC Test and Hermetic-

40

.90

-3.0

4.0 x 10

ity as at (1.0)

11

36

.64

-3.0

4.0 x 10

4.0

Acceleration:
MIL-S-883B,
Sect. 2001.2(C),
Y1, 20 Kg's

5.0

DC Test and Hermetic-

40

-2.

83

-3.0

4.0 x 107

ity as at (1.0)

11

36

-2,

64

6.0

Random Vibration:
MIL-S-202 15g,
45g, 60g, Y1 Axirs

7.0

DC Test and Hermetic-
ity as at (1.0)

37

-2.

87

5.0 x 1072

11

34

.66

5 x 1077

8.0

Mech Shock:
MIL-S-883B
Sect. 2002.2(C)
Y1, 3 Kg's

9.0

DC Test and Hermetic-
ity as at (1.0)

35

.85

-3.0

5.0 x 10~

11

34

.67

-3.0

6.0 x 10~
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TABLE 4-4

MEASUREMENTS ON H-21 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE H-21

Test Sequence
and the Test
Specification Used

Device
No.

v,V

P
ID = 100 uA
VD = 3,0V

NO. OF DEVICES

-2

B
)
uA

Hermeticity,
Std. cc/sec.

He

1.0

Initial DC test and
Hermeticity per
MIL-S-883B,

Sect. 1014.2(A)

-2.20

-3.0 @ -5v

3.0 x

107?

11

-1.54

-3.0 @ -5v

3.5 x

107°

2.0

Temp Cycle:
MIL-S-883B,
Seci. 1010.2(C),
Step 2,4

3.0

DC Test and Hermetic-
ity as at (1.0)

30

-2.20

-3.0

5.0 x

107°

11

23

-1.54

-3.0

5.0 x

10_9

4,0

Acceleration:
MIL-5-883B,
Sect. 2001.2(C),
Y1, 20 Kg's

5.0

DC Test and Hermetic-
ity as at (1.0)

21

-2.20

-3.0

4.0 x

10°

11

17

-1.53

-3.0

6.0 x

107

6.0

Random Vibration:
MIL-$-202 15g,
45g 60g, Y1 Axis

7.0

DC ‘test and Hermetic-
ity as at (1.0)

20

-2.10

-3.0

5.0 x

10”

11

17

-1.53

-3.0

5.0 x

100

8.0

Mech Shock:
MIL-S-8838
Sect. 2002.2(C)
Yl, 3 Kg's

9.0

DC Test and Hermetic-
ity as at (1.0)

30

-2.23

-3.0

5.0 x

1077

11

17

-1.54

-3.0

5.0 x

107?

*
Not a drain current failure - see text.
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TABLE 4-5

MEASUREMENTS ON N-21 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE N-21

NO. OF DEVICES

9

Test Sequence
and the Test
Specification Used

Device
No.

DS
v, = 0.5V

Y
I
VD = 3.0V

100 vuA

IG'

uA

Hermeticity,
Std. cc/sec.
He

¢ 1.0

Initial DC test and
Hermeticity per
MIL-S-883B,

Sect. 1014,2(A)

44

-4.00

~3.0 @ -13V

4.0 x 1077

37

25

-2.20

-3.0 @ -23v

4.0 x 1077

2.0

Temp Cycle:
MIL-S-883B,
Sect. 1010.2(C),
Step 2,4

3.0

DC Test and Hermetic-
ity as at (1.0)

44

37

23

4.0

Acceleration:
MIL-S-8838,
Sect. 2001.2(C),
Y1, 20 Kg's

5.0

DC Test and Hermetic-
tiy as at (1.0)

41

37

6.0

Random Vibration:
MIL-S-202 15g,
45g, 60g, Y1 Axis

23

7.0

DC Test and Hermetic-
ity as at (1.0)

|
|

L.

8.0

Mech Shock:
MIL-S-883B
Sect. 2002.2(C)
Yl, 3 Kg's

9.0 DC Test and Hermetic~

ity as at (1.0)
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-3.0

5.0

6.0 x

5.5

5.0

5.0

0 x




TABLE 4-6

MEASUREMENTS ON N~-31 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE N-31

NO. OF DEVICES

2

V.,V
P . |
Test Sequence Hermeticity, |
and the Test Device IDS’ mA ID = 100 ua IG‘ Std. cc/sec.
Specification Used No. vy = 0.5V VD = 3.0v vA He
. i
. R
1.0 Inittal DC test and 45 32 -1.65 ~3.0 @ -12v | 4.0 x 1077 |
Hermeticity per i —1
MIL-S-883B, 50 48 -3.00 -3.0 @ -10v 3.5 x 10 |
Sect. 1014.2(A)

2.0 Temp Cycle: c
MIL-S-883B, 1
Sect. 1010.2(C), {
Step 2,4 .

-9 |

3.0 DC Test and Hermetic-| 45 31 -1.64 | -3.0 8.0 x 107° |

ity as at (1.0) 5
50 49 -2.97 -3.0 5.0 x 10 |

4.0 Acceleration: ;
MIL-S-883B,

Sect. 2001.2(C),
Y1, 20 Kg's

5.0 DC Test and Hermetic- | 45 30 -1.64 | -3.0 4.5 x 10°°
ity as at (1.0) 9

50 48 ~-2.85 -3.0 4.0 x 10
tlv

6.0 Random Vibration: '
MIL-S-202 15g,
45g, 60g, Y1 Axis

7.0 DC Test and Hermetic- | 45 30 -1.64  |-3.0 5.0 x 1077
ity as at (1.0) Y

50 43 -2.80 -3.0 5.0 x 10

8.0 Mech Shock:

MIL-S-883B
Sect. 2002.2(C)
Y1, 3 Kg's

9.0 DC Test and Hermetic- | 45 30 -1.64  |[-3.0 6.5 x 107°

ity as at (1.0) )
[ 50 43 -2.85 -3.0 5.0 x 10
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TABLE 4-7

MEASUREMENTS ON P-51 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE P-51 NO. OF DEVICES 2

p .
Test Sequence - Hermeticity,
and the Test Device IDS' mA ‘p 100 wA IG‘ Std. cc/sec.

Specification Used No. v, = 0,5V VD = 3.0V A He

1.0 Initial DC test and 1 20% -2.75 -3.0 @ -11v | 3.0 x 107°

Hermeticity per
MIL-S-883B,

Sect. 1014.2(A) 11 40 -3.20 -3.0 @ -9V | 4.0 x 1077

2.0 Temp Cycle:
MIL-S-883B,
Sect. 1010.2(C),
Step 2,4

3.0 DC Test and Hermetic- 1 30% -2.67 -3.0 5.5 x 1077

ity as at (1.0)

11 42 -3.10 Withdrawn for failure

analysis when I; went

4.0 Acceleration: to -10 mA @ -0.5V
MIL-S-883B, (not a gate current
Sect. 2001.2(C), failure - see text)
Y1, 20 Kg's

5.0 DC Test and Hermetic- 1 33 -2.65 -3.0 6.5 x 10—9
ity as at (1.0)

6.0 Random Vibration:
MIL-S-202 15g,
45g, 60g, Y1 Axis

7.0 DC Test and Hermetic- 1 30 -2.64 -3.0 5.5 x 107
ity as at (1.0) —

11 - -— - -
IR B ‘
8.0 Mech Shock:
MIL-S-883B 1
Sect. 2002.2(C)
Y1, 3 Kg's

-

9.0 DC Test and Hermetic- 1 W 31 -2.60 -3.0 5.5 x 10~
ity as at (1.0) b— . I

. 1 . L. - o . [

*Not a drain current failure - see text.
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TABLE 4-8

MEASUREMENTS ON R-51 DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE

Test Sequence
and the Test
Specification Used

Device
No.

NO. OF DEVICES

2

IG,
HA

Hermeticity,
Std. cc/sec.
He

1.0

Initial DC test and
Hermeticity per
MIL-S-883B,

Sect. 1014.2(A)

-3.0 @ -7V

5.0 x 107"

11

-3.0 @ -10v

-9

4.5 x 10

2.0

Temp Cycle:
MIL-S-883B,
Sect. 1010.2(C),
Step 2,4

3.0

DC Te : and Hermetic-
ity as at {1.0)

17 -1.07

-3.0

4.3 x 107

11

17 -1.32

-3.0

4.0 x 10°

Acceleration:
MIL-S-883B,

Sect. 2001.2(C), .
Y1, 20 Kg's

DC Test and Hermetic-
ity as at (1.0)

17 -1.07

-3.0 @ -5.5V

1.5 x 10

11

17 -1.31

-3.0

10

Random Vibration:
MIL-S-202 15g,
45¢, 60g, Y1 Axis

DC Test and Hermetic-
ity as at (1.0)

Removed for failure

analysis - drain/source

short

11

16 -1.31

-3.0

_7*

7.0 x 10

Mech Shock:
MIL-S-883B
Sect. 2002.2(C)
Y1, 3 Kg's

9.0

DC Test and Hermetic-
ity as at (1.0)

1

11

15 ~-1.27

-3.0

1.0 x

*Hermeticity failure - aliowed to remain in sequence.

74




TABLE 4-9

MEASUREMENTS ON D-22 CONTROL DEVICES FOR ENVIRONMENTAL
CHARACTERIZATION TESTS

DEVICE D-22 NO. OF DEVICES 2
Vp, \'
Test Sequence _ Hermeticity,
and the Test Device | DS’ mA | I = 100 wA el Std. cc/sec.
Specification Used No. VD = 0.5V VD = 3.0V uA He
Initial DC test and 11 19 -1.95 -3.0 @ -6V Not Done -
Hermeticity per Control
MIL-S-883B, 2 30 -2.27 -3.0 @ -14V | Devices
Sect. 1014.2(A)
Temp Cycle:
MIL-S-883B, _
Sect. 1010.2(C), Not Done Control Devices
Step 2.4
DC Test and Hermetic- 11 19 -1.93 -3.0 --
ity as at (1.0)
2 29 -2.26 -3.0 -
Acceleration:
MIL-S-883B,
Sect. 2001.2(C), Not Done - Control Devices
Y1, 20 Kg's
DC Test and Hermetic- 11 18 -1.92 -3.0 --
ity as at (1.0)
2 28 ~2.28 -3.0 -
Random Vibration:
MIL-8-202 15g, Not Done - Control Devices
46g, 60g, Y1 Axis
DC Test and Hermetic- 11 18 -1.89 -3.0 -
ity as at (1.0)
2 30 -2.27 -3.0 -
Mech Shock:
MIL-S-883B
Sect. 2002.2(C) Not Done - Control Devices
Yl, 3 Kg's
DC Test and Hermetic- 11 16 -1.92 -3.0 -
ity as at (1.0)
2 30 ~2.29 -3.0 -
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occurred during the environmental testing sequence, failure analysis of this device is
included here in the environmental section rather than in the previous section on
Preliminary Device Losses.

The apparent failure of the Type P-51 device was discovered to be due to a sliver of the
E-Kote 3030 shorting paint across the gate lead. When the paint was completely
removed, the device tested good.

Close visual inspection of the two Type R-5! devices that failed the hermeticity test
disclosed no apparent irregularities in fabrication. However, we delidded Device No.
Il anyway for internal inspection, as part of our standard failure analysis procedures.
We then discovered alloying of the gold-tin eutectic die bonding material with the
source bond wires. Figure 4-5 shows a SEM photograph of the failed FET. Necking

down of a source bond wire is particularly apparent near the bottom of the photograph.

Judging from the character of the alloying, we doubt that the alloying could have
occurred during wire bonding. Wire bonding temperatures were usually not high enough
to result in that much alloying, This is a subjective judgment, however, and is
conditioned by the belief that the vendor would have rejected such a part in the pre-cap
visual inspection. A more likely cause of the alloying is overheating during sealing of
the cap, which was also done using gold-tin. The obvious solution to this problem is to
limit the amount of eutetic material used during die bonding. Also, the source wires
should not be bonded to the area wetted by the eutectic. This sort of incipient failure
indicates that high reliability parts should be delidded as part of the qualification
process to assure that the die bond is properly formed and that proper source bond lead

dress is achieved.

The final low noise FET from the environmental characterization tests to undergo
failure analysis was opened and examined. It was a Type R-51, our Device Number 1.
We found that the FET die had cracked approximately in half. One portion was still
attached to the header, and one piece was held in the package by the drain wire, In the

failure the drain wire apparently short circuited to a source wire or ground.
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Figure 4-5

E2746

Type R-51, showing failure of
source bond wires.
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Figure 4-6 is a SEM photograph of the piece of die whch remained attached to the
header. Prolonged examination of the package in the SEM and under the optical
microscope failed to reveal any evidence of GaAs on the header surface from which the
piece of die had become detached. We concluded that the die had fractured during the
random vibration test, which consisted of successive states at 15g, 45g and 60g along

one axis. In this case the axis was perpendicular to the die mounting surface.

We hypothesize that the die was not completely wetted to the header solder and likely
was cantilevered on one edge, the edge which is still attached. The test vibration
probably caused the fracture, For the population of all devices tested, this represents }
failure in 15. The failure is probably due to a quality contro! problem in die attach
rather than indicating anything fundamental with regard to the GaAs FET. On the
other hand, one might observe that, because of the more brittle nature of GaAs, the

FETs may be less tolerant of insecure die mounting than silicon dice would be.

As a result of these tests we would recommend that packaged FETs be subjected to
100% vibration screening tests for any critical application, such as military or satellite
use. Power FETs should be especially vulnerable to vibration failures, because of the

large die areas.

Three instances occurred where the reported drain current apparently exceeded the
change limits allowed in Table 2-8. The devices were Type H-21, #1 and #11, and Type
P-51, #1. In the environmental testing sequence we were mainly concerned with
failures that might be directly connected with the environmental tests, Our operators
were instructed to determine whether there were any major changes in the electrical
parameters, indicating gross problerns. Measuring the drain current required pressure
contacting of the drain and source leads. Variations in the contact resistance would, of
course, result in different readings for the drain current. We suspect that the
anomalous drain current readings for the three devices mentioned were of this nature

and not actual Al.. failures. In later tests on packaged devices we took additional

DS
steps to assure accurate drain current measurements,
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(a)

SOURCE FET SURFACE, ORIGINAL
BOND WIRE ZGATE
LApE 7
FRACTURED
DIE FACE
o DIE SOLDER

Ak AREA

(b)

Figure 4-6 Type R-51, #1, which failed during the
random vibration test. (a) SEM photograph
of fractured die, 600X. (b) Sketch identi-
fying areas of interest.
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5.0 HIGH TEMPERATURE CONSTANT STRESS TESTS ON FET CHIPS

Constant stress tests on electronic components at elevated temperatures have been the
classical method for estimating the mean time to failure at normal operating
temperatures and also the activation energy. The aging characteristics and operational
life times of the low noise FET chips have been investigated by subjecting test samples
to accelerated life tests at elevated ambient temperatures, under both unbiased and
low-noise-biased conditions. Visual, DC, and RF characteristics and S-parameters of
the devices were monitored periodically during these tests, and the DC results were
used to determine the mean time-to-failure and activation energy. Correlation of RF

and DC results is discussed, and primary failure observations are described.

5.1 TEST APPROACH

The accelerated life tests were of the constant-stress type. This statement means that
the samples were subjected to constant temperature and electrical stress levels
throughout the test period. The only changes in stress levels occurred when the bias
was removed and the samples were brought to room temperature for the periodic
characterization measurements. After being characterized, the samples were returned

to their designated elevated stress levels and the next cycle was started.

The constant-stress life tests were performed in bias ovens of a type originally
developed by the Hughes Research Laboratories (HRL) for life testing semiconductor
devices. Figure 5-1 shows one of these ovens with its insulated cover removed. The
heart of the oven consists of a stainless steel block that is heated along its full length
by a cartridge heater. The GaAs FET chip test samples on their alumina microstrip
carriers were mounted in the chamber of the stainless steel block and covered by a
quartz lid. During operation, to keep the chips clean and dry the oven chamber was
continually purged with slowly flowing dry nitrogen derived from a liquid source.

Each oven has 10 positions for DC-biased samples and approximately 20 positions for
unbiased samples. The alumina microstrip carriers of the biased devices were firmly
held in place with clamps, as shown in Figure 5-1. The unbiased devices were simply
placed on top of the clamps. Gate and drain bias lines were brought into each sample
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position with 50-ohm coaxial transmission lines consisting of coaxial stainless steel and
glass tubing and nickel wire. These coaxial lines extended through the insulated walls
of the oven to the outside where, at room temperature, the coaxial lines connected to
gate and drain bias filters. These were essentially low-pass RC filters that acted to
reduce any tendency of the biased FETs to oscillate. A schematic of the bias circuit
for an oven is shown in Figure 5-2. All the biased FETs in an oven shared common gate
and drain DC power supplies. Individual voltage dividers were inserted between the
gate supply bus and the individual gate bias filters. These allowed separate gate bias
control of each test sample.

The low noise bias conditions used throughout these tests are VDB =5 Vand [D =10
mA. The voltage on the drain after voltage drop through the load resistor is Vp =4 V.

Hughes previously used V.. = 5 V because it was close to optimal for low-noise GaAs

D
FET amplifiers when noise figure, gain, and third-order intermodulation are considered.
However, raost data sheets cite VD =3V to4 V. We believe that 4 V represents a more
realistic electrical stress level for simulating actual operational bias stress than 5 V

with the present FETs.

Thermal resistance of the individual devices was not measured; however, nominal values
are given in Table 2-2 for some devices. Consequently, although we know the DC power
input, the temperature of the channel cannot be determined accurately. The biased low
noise devices, therefore, will have somewhat higher channel temperatures than unbiased
devices,

In addition to the higher channel temperature of the biased devices, other test
conditions were also different for biased FETs, compared to unbiased units. The
different mounting procedures and the amount of handling need to be taken into
account when interpreting the results. This topic is further considered in Section 5.3.
Our general conclusions will still be valid, provided we are appropriately cautious with

comparisons between biased and unbiased results.
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5.2 SUMMARY OF HIGH TEMPERATURE TESTS

Each FET chip assigned to the high temperature constant stress tests was assigned a
serial number. The Appendix has detailed information on the status of each serialized
FET. On devices that did not fail the cumulative number of operating hours is given.
For failed devices the observation that confirmed the failure is noted, along with the
cumulative operating hours to failure. In Table A-1 "Run No." refers to a specific oven
loading. Soeme devices were biased and some were unbiased, as indicated by "B" and

"U", respectively.

A summary of the high temperature constant stress tests on FET chip devices compiled
from information in Table A-1 is shown in Table 5-1. "B" and "U" refer to biased and
unbiased devices, respectively. Seven ovens of the type shown in Figure 5-1 were used
with a stress temperature of 200°C, 220°C, 260°C, or 260°C. At the higher
temperatures the total test times were sufficiently short that we were able to perform

more than one temperature stress test in an oven during the course of the program.

After the oven tests were started, the ovens were periodically brought back to room
temperature. The FETs were retested for DC parameters on a 100% basis and for RF
and S-parameter data on a sampling basis, as explained in Sections 2.4 and 2.5. A time
schedule was established for testing the devices throughout the course of the high
temperature constant stress program. The testing schedule was planned with our best
estimates of when the FETs should be tested. Devices being stressed at the higher
temperatures were, of course, to be tested more frequently. Early in the program,
however, the testing sequence was found to be so long that in some runs all devices had
failed by the time of the first cooling of the ovens. One reason for this situation was
lack of a suitable burn-in period, as explained in Section 5.3. Another reason was that a
manufacturer may still have been perfecting his processing, as was the case with the

(0

A-6 devices.

85




TABLE 5-1

SUMMARY OF HIGH TEMPERATURE CONSTANT STRESS
TESTS ON FET CHIP DEVICES

86

F No. FETs No. FETs
i Type Oven Temp Run Started Begin End Failed
. Code No. °C No. B C Date Date B| U
——t—
| H-1 1 200 2 9 4 7/17/79 1/23/80 9 4
A-6 1 260 9 4 3 1/29/80 2/20/80 4 3
A-10 1 260 10 5 3 3/13/80 6/19/80 4 2
N-3 2 200 1 10 4 8/24/79 7/14/80 10 4
H-1 3 220 3 10 4 9/27/79 6/23/80 | 10 4
N-3 4 220 4 11 | 4 9/28/79 1/15/80 10 4
D-1 5 240 6 5 2 11/15/79 7/16/80 5 2
D-2 5 240 6 5 0 11/15/79 7/16/80 4 0
P-5 6 240 5 4 1 11/13/79 ’ 11/27/79 4 1
: A-6 6 240 8 9 4 12/14/79 2/07/80 9 4
H-11 6 260 | 11 9| 4 | 4/14/80 | 8/13/80! 9| 4
L A-6 7 220 7 10 2 12/18/79 2/07/80 10 2
| N-3 7 260 12 7 4 4/16/80 8/13/80 7 4
(—Total 98 |39 95 | 38
L S S R R -




By late in the program we were testing devices from the 260°C ovens on a 2-day cycle,
for instance Runs Number 11 and 12 with the Type H-11 and Type N-3 FETs,
respectively. Corresponding run times at other temperatures were 10 days at ZQOOC, 30
days at 220°C, and 90 days at 200°C. Some observations on the testing cycle of biased
Type N-3 FETs in particular are given in Section 5.8, Our recommendation for future
life test studies is that a pilot run be made with devices of a particular type to help

determine an appropriate testing cycle.

5.3 FAILURE ANALYSIS

Failure criteria for the high temperature constant stress tests were discussed in Section
2.7. As explaiﬁed there, only the DC failure criteria are used, with the limited RF data
affording a means of checking correlation of the RF failure data with the DC failure
data. The devices that failed the high temperature constant stress test are indicated in
the "No. FETs Failed" column in Table 5-1, which column is rearranged and repeated in
Table 5-2. The categories of failure that we have encountered are given in Table 5-2,
and the number of biased "B" and unbiased "U" devices that failed in each category is
listed. The data came from Table 5-1 and Table A-1.

In many cases, high temperature stress tests were continued on devices after a nominal
failure had been recorded. There were several reasons that failed devices were kept
under stress. First of all, most devices that are listed as "failed" failed not
catastrophically but by exceeding somewhat the specification limits on some param-
eter, usually the drain current. Thus, the devices were still viable. The failure
mechanism was therefore sumewhat subtle, and by continuing the high temperature

stress test we were able to intensify the causes of degradation failures,

Second, we have noted that frequently a device parameter such as drain current will
initially change rapidly and then hold its value within a narrow range. Therefore, if the
devices had been subjected to an appropriate initial burn-in procedure, it is likely that
the subsequent changes in parameter values might have stayed longer within given
specification limits. Thus, by continuing the high temperature stress tests, we were
able to gather data on long tcrm parameter changes., We wanted to see if a suitable

burn-in procedure to stabilize device parameters before formal life testing begins could
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significantly lengthen the mean time to failure. With the burn-in procedure, not until
after the burn-in would the devices be "binned", that is, a relatively narrow set of

specifications assigned. Section 5.8 illustrates this idea with the biased Type N-3 FETs.

Third, as but few catastrophic failures occurred as a result of the high temperature
stress testing, continued temperature stressing of the remaining FETs would also

provide additional information on catastrophic failures.

The temperature stress test is intended to use elevated temperatures to accelerate the
failure rates of device types above what they would be at normal operating tempera-
tures. We can then infer the mean time to failure (MTTF) at a given operating
temperature using an Arrhenius plot. Therefore, device failures not due to the elevated
temperature must be censored before plotting the data. In Table 5-2 the column headed
"Temp.-Related Failures" lists the numbers of devices whose failure has been identified
as probably due to the elevated temperature of the test. The next four columns of
Table 5-2 comprise the categories of failures related to temperature, while the last
three columns in Table 5-2 list failures that are not primarily a result of the elevated

temperature of the test.

Reference to Table 5-2 shows that, of all FET chips subjected to the high temperature
constant stress test, biased devices represented 98/(98 + 39) = 72%. The median number
of biased FETs in a test group was 9, whereas the median number of unbiased FETs in a
test group was 4. Unfortunately, the small number of unbiased FETs made meaningful
comparisons doubtful between test groups. Biased and unbiased FETs of the same
device type were stressed at somewhat different temperatures (Section 5.1). They were
also subjected to different handling and mechanical stresses, as explained in the next
paragraph. Strict comparisons between results on biased and unbiased devices are
therefore also difficult to make. For the foregoing reasons, in subsequent discussions of
the high temperature constant stress tests the bulk of the results presented will be on

biased devices.
An apparent indication in Table 5-2 that the "Carrier Fracture" and "Test/Handling"

failure categories seem heavily weighted toward biased devices needs to be explained.
Neither of these failure types is directly related to temperature; rather, these failure

89




types seem directly related to the testing procedures. For instance, as explained in
Section 5-1, the alumina microstrip chip carriers of all biased FETs were firmly
clamped to the heater block, whereas the unbiased devices were not clamped.,
Occasionally, during clampdown the thin alumina carrier would fracture. As the
unbiased samples were not clamped, this cracking of the alumina ceramic clearly
occurred only to biased devices in the high temperature ovens, yet was unrelated to

either bias parameters or temperature.

The relatively high incidence of biased device failures in the "Test/Handling" category,
compared to unbiased device failures in the same category, is easily explained - the
very act of biasing requires additional handling and risk of failure of the biased devices.
Thus, the data show a preponderance of biased device failures in the "Test/Handling"
category; however, these failures, as those in the "Carrier Fracture" category, are

clearly unrelated to either bias parameters or temperature.
Only failures explicitly related to accelerated temperature aging are used to determine
the mean time to failure. Before that topic is discussed, however, we examine device

degradation.

5.4 DEVICE DEGRADATION

As measurements of DC parameter values were made at regular intervals throughout
the course of a test, consistent patterns in parameter changes with time were
frequently seen. For example, the drain current of a number of different device types
sometimes changed significantly early in the high temperature stress test and then
changed much more slowly until the test was terminated or catastropic failure
occurred. Such behavior frequently caused the device parameter changes to exceed the
preset failure limits relatively early. Subsequent percentage changes in device param-
eters often remained within the prescribed percentage change limits of Section 2.7 for
a considerably longer period of time.

The patterns of parameter changes with time are illustrated in Figures 5-3 through 5-8.

We have presented data on biased devices only, in accordance with the discussion in
Section 5.3. Figures 5-3 and 5-4 present plots of data on the Type H-1 devices at 200°C
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and 220°C, respectively. Figures 5-5, 5-6, and 5-7 illustrate the behavior of the Type
N-3 devices at 200°C, 220°C, and 260°C, respectively. Note the change of abscissa
scale by a factor of 10 in Figure 5-7 for devices tested at 260°C. The scale change was
made to accommodate the graphs to the extremely rapid aging characteristics of FETs
at 260°C. Finally, Figure 5-8 shows plots of the Type H-11 devices at 260°C with the
same abscissa scale as Figure 5-7.

In Figures 5-3 through 5-8 plots are made of the three important DC parameters that
are given along with their prescribed failure limits in Table 2-8. On the ordinate scale
of these three plots, the designation "FL" indicates the specified failure limits. Also
included in Figures 5-3 through 5-8 for completeness are plots of percentage changes in
the magnitudes of the low noise gate bias and the gate pinchoff voltage. In these plots
the median of the data at a measurement time is indicated by a solid circle. Vertical

bars with horizontal tic marks indicate the range of measured values.

A linear regression analysis (LRA) for each plot was performed for the median data
points, plus a defined ordinate value of zero at initial time. The results of the LRA are
the smooth curves shown on the plots. Because of the logarithmic abscissa scale, the

LRA lines appear curved,

Except for the plot of Agm in Figure 5-7, the LRA line of the Bm values at initial time
fell well within the 10% failure limits prescribed for this parameter and typically was
near ze. 5. However, in the case of the drain current parameters MDS and MDSS’ the
LRA line at initial time typically fell near the failure limits or even exceeded them.
The median data points, except for the initial measurement, tend to be grouped
somewhat in a horizontal pattern. This observation leads one to the conclusion that the
early drain current measurements, say those for under 168 hours, might be disregarded

and a new "zero" established after a week's burn-in,

The typical consequences of this action would be that the LRA line would now
extrapolate back to near zero, and the projected mean time to failure for causes
related to changes in drain current would be significantly increased. Therefore, if the
FETs had been given an initial burn-in to stabilize the devices prior to setting "initial"
values of the parameters f sm which - rcentage changes would be measured, it is
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possible that the drain current on many devices would have stayed within specification
longer. As a matter of interest, Table 5-2 shows that the vast majority of temperature
induced failures, that is, (60 + 33)/(76 + 36) = 83%, occurred when the drain current
exceeded the specification limits. The drain current values frequently exhibited the
behavior of rapid change followed by gradual change described in the first paragraph of
this section. Thus, because of the overwhelming influence of the drain current
"failures" on the total temperature-related failure results, the overall projected
degradation failure rate of a FET type may be significantly shorter for FETs with no

burn-in period.

We recognized the importance of an initial burn-in period at the outset of the program.
We were also well aware that standard industry practice included a burn-in period for
newly obtained devices before they were committed to service. However, as we felt
that the purpose of the reliability study was to test the FETs from the outset, we
waived both incoming inspection and initial burn-in considerations. The point of this
discussion is to make the reader aware that the Mean-Time-To-Failure (MTTF) results
shown in this report will probably be significantly less than would be obtained following

standard industry inspection and conditioning procedures.

5.5 FET SELECTION FOR RELIABILITY ANALYSIS

Further discussion is in order, regarding MTTF expectations in actual field use of
microwave low-noise FETs, Because of the huge cost involved in procuring sufficient
numbers of FETs for obtaining accurate statistical projections of lifetime performance,
we chose to concentrate our efforts on three selected device types. In the "Initial
Inventory (Chip)" column of Table 2-1 are listed the original numbers of devices
procured for the program. To form the backbone of the investigations, major acquisi-

tions were made of only the following FET chip types:
A-1: 50 units (replaced by Type A-6, 50 units)

H-1: 76 units (replaced by Type A-11, 15 units)
N-3: 61 units
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Type A-1 FETs were wholly unusable because of a metallization problem, as was
discussed in Section 3. These FETs were replaced with Type A-6 FETs on a one-for-
one basis by the supplier. However, at the times that we first cooled each of the three
ovens containing the Type A-6 FETs to measure their parameters, all devices were
found to have failed. Thus, no statistics could be obtained at any of the three test
temperatures on this type device. The failure mode was felt possibly to be related to
an undesired compensation of the channel doping. A discussion of the failure of Type
() Thus, the
extensive work with the 50 Type A-1 devices and with the 50 Type A-6 devices yielded

A-6 FETs is given in the Final Report of the Failure Mechanism Program.
little usable reliability information.

A different set of problems was encountered with the Type H-1 FETs. First of all, our
operators had difficulty wire bonding to the Type H-1 chips, as the dice fractured
frequently. Second, at the test temperatures, the devices were found to form an
intermetallic gold-aluminum alloy in the gate region. The formation of the inter-
metallic alloy was the principal observable failure mode. Further discussion of the
Type H-{I)FET failures is given in the Final Report of the Failure Mechanism

Program. The supplier was contacted, and he informed us that the Type H-1 FETs
were being replaced by the Type H-11 FETs. We were sent 15 Type H-11 FETs for
testing. Because the Type H-1 FETs were now obsolete, we cancelled plans to test
these devices at a third temperature and left 22 devices uncommitted (Table 2-1). As a
consequence of these considerations, limited statistica! data were obtained on Type H-1
devices. We did test the Type H-1 FETs at 200°C and at 220°C. MTTF data on the

Type H-1 FETs are presented in Section 5.6.

As these device results are unfolded, the reader should keep continually in mind that
the Type H-1 devices have been replaced by the Type H-11 devices. Test results of the
Type H-1 FETs at 200°C and at 220°C, as shown in Figures 5-3 and 5-4, can be
compared with test results shown in Figure 5-8 on the Type H-11 FETs, keeping in mind
that the Type H-11 FET results were obtained at 260°C. The improved Type H-11 FETs
show in Figure 5-8 a much more consistent pattern of parameter changes with time,
with regard to the means, ranges, failure limits, and LRA lines, including slopes and
intercepts. MTTF data on the H-11 FETs are presented in Section 5.6.
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The remaining FET chip that we procured in relatively large numbers was the Type N-3.
We had no real difficulties with this type FET and were able to place 40 devices on test
in the high temperature ovens at three different temperatures. Sufficient numbers of
devices were used to give meaningful statistics. Preliminary losses of the Type N-3
FETs were so low that we were able to accomplish our test goals and still retain a
contigency reserve of 15 devices uncommitted. Results of our measurements are
plotted in Figure 5-5 for 200°C tests, Figure 5-6 for 220°C tests, and Figure 5-7 for
260°C tests.

MTTF data and an Arrhenius plot on the Type N-3 FETs are presented in Section 5.6.
The comments made earlier in this section about changes in the drain current
parameters apply to the Type N-3 FETs. Consequently, the MTTF values appropriately
can be considered to be smaller than those expected for Type N-3 devices actually
placed into service in a well-designed system. Of uppermost importance is also the fact
that we purchased the lowest reliability grade of devices from this supplier. With three
higher reliability grades of devices available, the systems designer can usually specify
Type N-3 FETs having the needed reliability grade.

5.6 MEAN TIME TO FAILURE

The purpose of accelerated temperature stress testing is to determine the mean time to
failure at temperatures considerably higher than normal operating temperatures and
then to extrapolate the results to predict the mean time to failure under normal
service. The numbers of FET failures attributable to temperature effects are shown in
four columns of Table 5-2 and are totaled in the column titled "Temp. - Related
Failures" in the same table. Table 5-3 shows the hours of FET operation until discovery
of a temperature-induced failure in high temperature constant stress tests on chip
devices. The column headed "Temp. - Related Failures" in Table 5-2 is repeated under
the heading "N" in Table 5-3. Data on failed devices from a specific run were arranged
in ascending order of hours to failure, using the data of Table A-t. These hours, along
with the ordinal number of the failed FET in both the biased and unbiased categories,
are shown in Table 5-3. Figure numbers of corresponding plots are also shown in
Table 5-3.
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From Table 5-3 a Jog-normal plot can be made for each temperature and device type,
where the ordinate is the time to failure and the abscissa is the percentage of failures
up to that time, with the denominator for the percentage calculation being one greater
than N, which is the number of devices in the sample. The mean time to failure (MTTF)
is the time corresponding to the 50% point on the abscissa. Theory predicts that the
data points will fall on a straight line, if the abscissa scale is "normal" and the ordinate

(%)

scale is logarithmic.

As the data points typically exhibit considerable scatter, a least squares line should be
drawn on the log-normal plots, provided three or more distinct data points are
available. Figures 5-9 through 5-13 show log-normal plots of the data from Table 5-3,

including approximate least squares lines.

A few words of discussion are necessary on a least squares approximation, where fewer
than four data points are available. In these plots not only the vertical position, but
also the slope of the straight line has significance, and four or more data points are
required to give confidence in the slope of the least squares line. Therefore, Figure 5-9
with four data points allows a least squares line to be drawn with some confidence in
the slope. A line with that same slope has been drawn on Figures 5-10, 5-11, 5-12 and
5-13, approximately to minimize the least squares distances to the three data points in
each of these four figures. With the available data, we feel that this approach is the
best for obtaining reasonable approximations to the mean time to failure of these
devices. The mean time to failure (MTTF) is the ordinate value corresponding to the
30% point on the abscissa. Interpretation of the results should be undertaken with due
regard to the discussions in Sections 5.4 and 5.5.

No log-normal plot is drawn for devices in Table 5-3 that have only one or two separate
data points. Therefore, device types H-1, H-11, and N-3 have log-normal plots in this
report. These are the device types that were selected for program emphasis, as was
explained in the previous section, Only the biased type N-3 FETs have plots at two
temperatures, and from Figures 5-12 and 5-13 the MTTF values are found to be 600
hours at 200°C and 160 hours at 220°C. In the next two paragraphs we make some
inferences concerning the MTTF of biased Type N-3 devices at 260°C. Additional
discussion of the MTTF of the biased Type N-3 devices is given in Section 5.8.
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For Run Number 12 the data of Table 5-3 show that all six temperature-induced failures
of Type N-3 FETs stressed at 260°C had occurred by the time that 48 hours had elapsed
and we made our parameter measurements. These failures were all due to the drain
current readings going out of specification. However, as shown in the data sheets from
which Table A-1 was compiled, the drain current readings for Device Number 145 from
the same group were still within the specification limits of Table 2-8 after 96 hours at
260°C stress. Unfortunately, the device was destroyea in a handling accident before
parameter measurements could be made at 159.6 hours. Table 5-4 shows the measured
values of specific drain current changes with *ime for the seven biased Type N-3 FETs
of Run Number 12, along with the allowable faii* re limits from Table 2.8.

We know, therefore, even in the worst case assumption that Device Number 145 might
have failed immediately after the 96 hour :ime point, that one FET of the seven
survived 96 hours at 260°C. Following the standard procedure for calculating the

(4)

cumulative percentage of failures for a log-normal plot' "', we obtain one conservative
data point of 87.5% cumulative failures after 96 hours of 260°C stress. On log-normal
coordinates a straight line through this data point having the same slope as the
corresponding lines in Figures 5-12 and 5-13 yields an MTTF value of 12 hours at 260°C.
The three values of MTTF will be used in the next section to make an Arrhenius plot for

biased Type N-3 FETS.

5.7 ARRHENIUS PLOT

Many failure mechanisms in semiconductor technology have been found to obey the
Arrhenius equation, which states that the chemical reaction rate is proportional to
exp (-EA/kT), where E , is the activation energy, k is Boltzmann's constant, and T is the

)

absolute temperature, If the failures of a semiconductor device type stressed at
several different elevated temperatures arise from the process described, then the
mean-time-to-failure (MTTF) can be plotted as a function of temperature, and the
graph can be extrapolated to predict the MTTF at normal operating temperatures. In
this report an Arrhenius plot is a plot of the logarithm of the MTTF versus reciprocal
absolute temperature. Theory predicts a straight line for this choice of axis scaling.
The activation energy for the specific failure mechanism is proportional to the slope of

the straight line.
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TABLE 5-4

MEASURED VALUES OF DRAIN CURRENT AS A FUNCTION OF
TIME FOR THE SEVEN BIASED TYPE N-3 FETs
OF RUN NUMBER 12 AT 260°C

IDS’ wmA
Serial
Number 0 hrs 48 hrs 96 hrs 159.6 hrs 207.6 hrs
[ ——
144 15 19
145 17 20 14 Destroyed
147 22 28
148 20 29 30 20 7
150 20 25 23 22
153 20 25 25 17 9
154 19 25 25 23 13
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Figure 5-14 is an Arrhenius plot of the three MTTF values obtained in Section 5-6 for
the biased Type N-3 chip devices. The equivalent degrees Centigrade are shown on the
reciprocal absolute temperature scale. A least squares line is also shown for the three
data points. As explained in the previous section, the placement and slope of the line in
Figure 5-14 should be viewed with some skepticism, as the MTTF at a fourth
temperature in unavailable. Nevertheless, extrapolating the line in Figure 5-14 to
operating temperatures indicates an estimated MTTF of biased Type N-3 devices at
100°C of the order of 107 hours. If a single failure mechanism is postulated for the
Type N-3 biased devices, the activation energy is approximately 1.5 eV.

5.8 THE EFFECTS OF TEST DESIGN

The Arrhenius plot of Figure 5-14 was obtained on devices that were neither pre-tested
nor burned-in. As discussed in Sections 5.3 and 5.4, we kept devices on test past their
nominal failure point, with the idea in main that specification of an initial burn-in
period might increase the MTTF. An initial burn-in if used, would be expected to
stabilize the drain current values at somewhere near the maximum values shown in
Table 5-4. A proper burn-in period would likely not be 48 hours at 260°C, but as short a
time as is needed at a considerably lower temperature.

Refei'ence to Table 5-4 shows, if an appropriate burn-in period is used, that the devices
would tend to last some 150 hours at 260°C. True degradation tends to occur well after
100 hours of stress, which is an order of magnitude greater than that found in Section
5.6 for these devices, This observation leads to the conclusion that the MTTF values
obtained from Figure 5-14 may be understated by as much as an order of magnitude,
because of the test design. Thus, the operational MTTF for many applications may be
as high as 108 hours.

Other peculiarities of the test design also emerge from the data of Table 5-4. For
example, if our measurement interval had been a week instead of two days, many of the
devices would have been found still within specification. What would have happened, of
course, is that we would have missed seeing the drain current increase initially. Then,
as the drain current degraded again, we would have thought that little had changed.
The "measured” MTTF would have turned out to be much larger!
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Also, the *+20% specification on MDS was not firmly grounded in a system require-
ment. It is interesting to note from the data of Table 5-4, if the specification had been
relaxec to +30% or merely to £25%, that a significant number of devices would have
remained within specification much longer. Thus, to be of maximum usefulness, a life

testing program should be tied intimately to system requirements.
These conclusions were reached using the results on the biased Type N-3 FET chips
stressed at 260°C. However, examination of the daia on other devices suggests that

conclusions along similar lines would be reached for them also.

3.9 RF AND S-PARAMETER TEST DATA

Devices that were subjected to the high temperature constant stress tests were given
RF and S-parameter measurements. Details of these measurements are discussed in

Section 2.5 and 2.6. RF failure criteria from a previous program(Z)

are given in Section
2.7 and consist of an increase in the minimum noise figure by 0.5 dB or a decrease in
associated gain of | dB near 10 GHz. No failure criteria were specified for the S-

parameter measurements.

Measurements were made on 100% of the devices initially and on all remaining devices
when an oven was shut down. During the course of the tests, measurements were made
on a small sampling of the FETs under test, As shown in Tables 5-1 and 5-2, by the end
of the testing period almost all devices had failed the DC criteria, yet were still viable.
Our purpose in this section is to compare the initial and final values of the minimum
noise figure and associated gain. We also discuss the S-parameter measurements. The
device types selected for discussion in this section are the same types that were
principally studied in Sections 5.6 and 5.7, namely, the Type H-1, H-11, and N-3 FETs.

Table 5-5 gives representative measurements of the initial and final values of minimum
noise figure and associated gain near 10 GHz. The data seem to indicate that the noise
figure sometimes decreased over time and that sometimes the associated gain
increased. These observations are not to be interpreted literally. Because devices were
not initially inspected, screened, and burned-in, the initial measurements may not
necessarily represent the minimum noise figure. Nor were the devices necessarily
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REPRESENTATIVE MEASUREMENTS OF INITIAL AND FINAL VALUES OF

TABLE

5-5

MINIMUM NOISE FIGURE AND ASSOCIATED GAIN NEAR 10 GHz

Initial, dB | Final, dB
Run | Temp | FET | Biased/ | Device Final
No. C | Type | Unbiased | No. Fmin Ga Fmin Ga Hours
2 | 200 | B-1 B 25 4.20 |5.80 |5.41 | 2.74 | 3159
|
3|22 | B1 ) 34 5.00 |4.07|3.78 | 5.44 | 1998
3|220 | B-1 U 42 6.10 |4.20|4.59 | 3.49 | 1998
4| 220 | N-3 B 49 2.86 |7.95|2.99 | 8.25 | 1300
4| 220 | N-3 B s1 | 2.59 [8.60|2.89 | 8.85 | 1300
| 11260 | H-11 B 172 3.75 16.20 | 4.49 | 5.27 | 256
} 11 | 260 | H-11 B 181 5.24 |3.73]4.55 | 5.02 | 256
r
12 | 260 | N-3 B 148 3.18 |8.08|4.11 | 7.46 | 208
12 | 260 | N-3 B 150 2.92 |9.202.87 | 8.45 | 208
12 | 260 | N-3 B 153 2.96 |9.18|3.66 | 8.25 | 208
12 | 260 | N-3 B 154 3.85 |7.20]3.86 | 6.79 | 208 |
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designed for minimum noise figure near 10 GHz. As the FETs aged, we know that the
DC parameters changed and suspect that the RF characteristics in some instances could
also have changed such that the minimum noise figure at 10 GHz could have decreased,
while the absolute minimum noise figure over the operating band might have increased.
Our data are insufficient to resolve this question, Parallel tracking of the DC and RF
parameter changes will be obtained to a limited extent in the RF constant stress test
that is discussed in Section 7.

Some answers to the questions of RF parameter changes over the 2 to 12 GHz range
could be answered by analyzing sufficient S-parameter data. However, having taken
S-parameter measurements on a sampling basis, we also have insufficient S-parameter

data on specific devices to obtain definitive answers.

Therefore, on this program we were unable to resolve the question of correlation
between DC and RF parameter changes. This conclusion is consistent with our
orientation that this was an extensive program, where many devices would be tested,
rather than an intensive program requiring in-depth studies of a few selected device
types. Intensive programs would require large numbers of specific device types and

sufficient tests to assign a high confidence level to the conclusions.

In an intensive type program, it would be vital at the beginning to designate certaln
devices having known characteristics as benchmark standards for checking calibration
of the test equipment and methods and against which the devices being tested could be
compared. With the great diversity of device types and quite limited numbers of each
on the present program, using benchmark devices was considered not to be feasible. We
relied on the calibration of equipment and competency of the operators to assure
accuracy and repeatability, Qualitative comparisons of our findings furnished an
internal means of checking consistency and giving confidence in the results.

Although we have collected considerable amounts of S-parameter information from 2 to
12 GHz, except for designing the amplifier matching circuits for the RF stress tests, no
direct use was made of the S-parameter data on this program. Consequently,
S-parameters are not emphasized in this report.
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Table 2-7 gave typical initial measurement of S-parameters at 6 GHz for the low noise
FET devices tested on this program.

Taking RF and S-parameter data on a large number of devices generates an impressive
collection of numbers for later analysis. It is the strong recommendation of the authors
that automated testing and data collection and handling methods be an integral part of

future programs, wherever possible.
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6.0 MEDIUM TEMPERATURE CONSTANT STRESS TESTS ON PACKAGED FETs

6.1 TEST APPROACH

Medium temperature constant stress tests on packaged FETs have been carried out at
85°C and 120°C in a manner similar to those on the chip FETs, except that the
protective atmosphere was not critical. The run period at temperature was 60 days.
The 85°C temperature was chosen to determine if corrosion due to moisture and other
contaminants was a significant hazard in this temperature range. This test is intended
to reveal the nature of the corrosion process and its dependence on bias. Tests were
also done at 120°C. This temperature is above the range at which electrolytic
corrosion is significant, yet 120°C is typical of that used for military qualification
testing. The choice is admittedly somewhat arbitrary. Biased and unbiased packaged
FETs were used in both these medium temperature stress tests. Package styles were

discussed in Section &4.1.

We had also hoped to do a 170°C test on packaged FETs to compare results with those
of the 200°C chip tests and to provide a one-to-one comparison between vendor
packaged and chip devices. The 170°C temperature would have been low enough to
avoid problems with package reliability. However, due to preliminary losses and to an
increase in average device costs due to acquiring more recent FETs, we did not have

enough devices for adequate stress tests at 170°C.

These medium temperature tests were performed in commercial Blue M ovens purged
with nitrogen. Oscillation suppression networks were built into the bias circuits. DC
and RF characteristics and S-parameters of the packaged FETs were monitored

periodically during the tests.

The test plan is shown in Table 6-1. As was the case with the high temperature
constant stress tests on chip devices, we made no differentiation between the ambient
test temperatures for the biased and unbiased groups of low-noise FETs. Because the
stress temperatures are in the range of the operating temperatures, we have antici-

pated a low failure rate, if the devices were properly fabricated.
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TABLE 6-1
MEDIUM TEMPERATURE STRESS TESTS ON PACKAGED FETs

Number of Devices Tested
85°C 120°C
Low Noise Low Noise
FET Type Bias No Bias Bias No Bias
. A-51 3 1 2 0
D-22 1 1 1 1
H-1Al 2 2 2 3
' H-21 4 1 4 1
\ N-21 1 2 1 2
N-31 3 2 2 2
| N-32 1 2 1 2
R-51 0 1 1 1
o Totals 15 12 14 12
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6.2 FAILURE ANALYSIS

Failure criteria for the medium temperature constant stress tests are the same as those
for the high temperature constant stress tests. The criteria were discussed in Section
2.7. Again, only the DC failure criteria were used.

Table 6-2 shows the failures that have occurred. "B" means biased, and "U" means
unbiased. Most of the "failures" happened during test and handling procedures. There

are too few device electrical failures to infer any failure statistics. The tests are
continuing,.

The failed packaged Type N-32 FET that was stressed biased at 120°C for 96 hours was
delidded and examined. Extensive formation of the aluminum/gold intermetallic
compound was discovered. The final report of the RADC/Hughes Failure Mechanism
Study c(!’is)cusses this failure in detail and presents SEM photographs of the failed

device.
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TABLE 6-2
MEDIUM TEMPERATURE CONSTANT STRESS TEST FAILURES
Principal Failure Mode
FETs FETs Test/ Gate Gate Hours to
Started | Failed Handling | Control| Short Failure
FET | Temp
Type °C B Uy B|U B U B Ul B U B of
A-51 85 3 1{ 111 1 1 0 0
D-22 85 1 1] 1 1 1764
H-1A1| 85 2 2| 1 1 1764
H-21 85 4 1 1 1 1764
N-21 85 1 2
N-31 85 3 2 1 1 1764
N-32 85 1 2
R-51 85 1
A-51 120 2
D-22 | 120 1 1] 1)1 1 1 369 345
H-1A1| 120 2 3
H-21 | 120 4 11 1 345
N-21 | 120 1 211 1 369
N-31 | 120 2 211 1 345
N-32 | 120 1 2|1 1 96
R-51 | 120 1 1] 171 1 1 345 345
Total 29 | 24} 9/5 5 3 114611
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7.0 RF CONSTANT STRESS TESTS ON PACKAGED FETs

7.1 RF _STRESS TEST DESIGN

As a major goal of the reliability program is to be able to predict the mean time to
failure of the low-noise FETs under actual operating conditions, it is vital that data on
FETs stressed only by DC bias be supplemented by data on FETs that have also been
subjected to RF drive power. As the RF stress tests are just now getting started, this

section will mainly describe our plans. RF stress test data will become available later.

Each device to be tested is mounted in a microwave integrated circuit as an amplifier
that is matched on input and output so as to achieve maximum output voltage and
current swing. .The tests are carried out at a baseplate temperature selected to
facilitate comparison with the results of the high temperature constant stress tests on
chips at DC bias. Consequently, no allowance was made for the DC bias power. Nor
was any temperature rise due to RF power dissipation considered for these low-noise
devices. The baseplate temperature must be sufficiently high to accelerate failure
mechanism, yet be low enough so that the life test is on the FETs, not on the associated

amplifier circuits and hardware. The test temperature that we have selected is 200°C.

Special RF test ovens have been built for the RF constant stress test. The basic design
is similar to that of the DC bias ovens shown in Figure 5-1. Each oven is designed to
hold up to ten amplifier housings that contain the FETs, plus input and output matching
circuits. Bias networks and filters were incorporated in the drain and gate circuits.
The source is grounded. Packaged devices were used, as construction of the amplifiers
is facilitated for packaged FETs.

The RF system for these tests consists of a signal generator and 10W TWT power
amplifier driving coaxial power splitters at 5.7 GHz. This frequency was chosen
because it is near the highest for which low cost power splitters are available. At
higher frequencies the cost is several times higher. The FETs have been selected and
amplifier circuits have been designed to operate at this frequency. Adjustable pads on

the inputs were used to set precisely the RF drive power.
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Each amplifier was housed in its own covered case and was a self-contained unit with
alumina microstrip tuning circuits and bias networks integral to the amplifier. The
amplifier housing was mounted in the oven and was fed and terminated via high
temperature coaxial line segments. The length of these segments was sufficient so that
the temperature of critical input and output circuit components can be kept near room

ambient.

This arrangement allows all DC and RF measurements to be made at the stress
temperature. The amplifier in the oven is not disturbed. Concerns about handling
damage, mechanical wear of the components, and possible variability of making the

connections are therefore minimized.

Each output port was terminated by a coaxial attenuator, followed immediately by a
Type N 50-ohm load. Measurements of RF power output were made by replacing the
50-ohm load with the sensing head of a precision RF power meter. Calibration of the
svstem assures confidence in the measured results. By turning the coaxial attenuator
from minimum to maximum attenuation while the load is being changed, we were able
to measure the RF power output with the FET at the stress temperature without
turning down the DC bias or RF power input. Thus, the principle of not disturbing a life

test was closely followed.

7.2 SELECTION OF FETS FOR RF STRESS TEST

As shown in Table 2-1, seventeen packaged FETs have been set aside for the RF stress
test. It should be noted that our reserves of these devices are very low. In addition, we
have recently acquired three additional FETs of a type that we have designated Type
E-1. This type device is a low noise packaged GaAs FET with a gate length of 0.5 um
and a gate width of 300 um.

Although earlier we had planned to place twenty FETs on the RF stress test, for reasons

explained below our present plans call for testing twelve devices, as shown in Table 7-1.
Additional unexpected device losses may yet force a revision of the current plan.

122




TABLE 7-1

PLANNED 5.7 GHz RF CONSTANT STRESS TESTS
ON PACKAGED FETs

Oven Type Temp

No. Code oc No. FETs
RF=-1 D~11 200 3
RF-2 H-1Al 200 3
RF-3 N-32 200 3
RF-4 E-1 200 3
TOTAL 12
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The Type R-51 FETs will not be given the RF stress test, because of inherent problems
with the lot of devices that we have procured. For example, Section 4.3 describes a
Type R-51 FET that had source bond wires corroded from the eutectic die bonding
material. Two of the four Type R-51 FETs originally scheduled for RF life test were
mounted ready for RF life testing. However, a preliminary check of their RF
characteristics indicated anomalous behavior. They were delidded, and both were found
to have corroded source bond wires, similar in appearance to the source bond wires
shown in Figure 4-5.

A third, pristine Type R-51 FET was delidded, and it also had corroded source bond
wires. There seemed to be little point in subjecting Type R-51 FETs to further testing,
and t'iey were therefore deleted from the RF test plan.

We discovered another, more serious difficulty. When the RF stress test was being set
up initially, an amplifier incorporating a Type N-32 FET was used in an oven to check
out the system., After we were satisfied with the performance of the system at room
temperature, we began heating the oven. We monitored the RF power output, and
observed that the power started dropping off drastically as the temperature rose past
about 150°C. Puzzling results were also obtained with a second Type N-32 FET.
Symptoms indicated a loss of RF power input to the FET.

Consideration of the situation led to discovery that the miniature coaxial connectors on
the amplifier housings were the source of the problem. On some connectors the solder
was melting below 200°C. We sectioned a failed connector and could see clearly that
the solder had flowed due to heating in our oven. When purchasing the connectors, we
had specified high temperature connectors to be fabricated with SN10, an alloy of
87.9% lead, 10% tin, and 2.1% silver, with minimum melting point 268°C. However, an
EDAX scan of the solder disclosed a different composition. We were able to use two
sets of the connectors. The rest of the lot has been returned to the manufacturer for
rework or replacement.
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In the investigation of what turned out to be a connector problem, two type N-32 FETs
were destroyed, along with one Type H-1A1 FET. Our inventory of devices for the RF
stress test has thus decreased. Furthermore, we face a time delay in awaiting arrival
of the replacement connectors. Consequently, we have decided to structure the RF
stress test to use 12 FETs, consisting of three units each of four types from four
different manufacturers, as shown in Table 7-1.

7.3 RF STRESS TEST RESULTS

We were able to place two FETs on the RF stress test. One Type E-l device was
mounted in the standard amplifier configuration on a microstrip line with matching
input and output sections containing bias networks. To stabilize the device parameters,
the FET was burned in at 200°C for two days.

At room temperature the amplifier was tuned to its operating frequency of 5.7 GHz.
With -5 dBm power input, measurements showed a gain of 7.5 dB. Frequency purity was
monitored with a spectrum analyzer. Bias was set at 3V drain voltage and 32 mA drain
current with -0.55V on the gate. A power input level of +5.5 dBm resulted in 1 dB gain
compression. With -5 dBm power input the 1 dB bandwidth was 230 MHz, ofiset 35 MHz
toward the low side. The 3 dB bandwidth was 475 MHz.

As the temperature was inCreased to the stress level of 200°C, the gain decreased to
about 5 dB. The bandwidth remained substantially unchanged. As of the writing of this
report, several weeks of operation have been monitored with no changes having been

observed in device operation.

The second FET to be placed on the RF stress test was a Type D-11 FET. Conditions of
the test are similar to those for the Type E-1 FET. Over a period of a few weeks, the
RF power output has changed by not more than 0.2 dB.

Additional FETs will be placed on the RF constant stress test, according to the schedule
outlined in Table 7-1. As all devices will be burned in initially, based on the discussion
of Section 5.8, we anticipate that the failure rates of the RF stress test devices will be
fairly low at 200°C.
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8.0 SUMMARY

We have investigated the reliability and operating life characteristics of commercially
available, low noise, small signal, microwave, n-channel, gallium arsenide, metal-
epitaxial-semiconductor field effect transistors with a Schottky-barrier gate. In total,
477 FETs representing both chip and packaged devices were procured for the study.
Samples of representative chip types were optically photographed and given SEM/EDAX

examinations.

DC, RF, and S-parameter measurements were made, including minimum noise figure
and associated gain at 10 GHz. Failure criteria were defined in terms of changes in DC

parameters.

A discussion was given of preliminary device losses. The results of environmental
characterization studies were given. FETs were subjected to temperature cycling,
acceleration, random vibration, mechanical shock, and hermeticity tests. We recom-
mended that careful consideration be given to device selection, incoming inspection,

and screening.

The major effort on the program was the high temperature constant stress tests on FET
chips. In total, 137 FET chips were placed in specially designed ovens and subjected to
a constant elevated temperature for a length of time. The temperatures used were
200°C, 220°C, 260°C, and 260°C. Eight FET types from six different manufacturers

were used. DC bias was applied to 98 chips, while 39 chips remained unbiased.

A study was made of device degradation at the elevated temperature. A recommenda-

tion was made that an appropriate burn-in procedure be specified.

Device fajlures related to temperature were segregated for failure analysis and
statistical studies, Log-normal plots were presented for selected runs, and mean time
to failure was determined at the various test temperatures. An Arrhenius plot was
given for biased Type N-3 devices. A discussion of the effects of various test designs
was given. The Type N-3 FET was estimated to gave a mean time to failure at normal
7 to 10

limits be carefully defined with the specific application in mind.

operating temperatures in the range of 10 hours. We recommended that failure

g
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The results of RF and S-parameter measurements on FETs from the high temperature

tests were discussed briefly.

Fifty-three packaged FETs were subjected to medium temperature constant stress
tests, Eight device types from five different manufacturers were represented. Two
temperatures were used, 85°C and 120°C. Twenty-nine of the devices were placed
under low-noise bias. To date, insufficient numbers of device failures have occurred to
enable us to reach any conclusions about reliability characteristics. The tests are

continuing.

RF constant stress tests on packaged devices are just now getting started. The test
plan calls for stressing 12 FETs, representing four device types from four different
manufacturers. The baseplate temperature will be 200°C. The devices will be operated
as matched amplifiers at a frequency of 5.7 GHz. Two FETs have been operated in an
RF test oven for several weeks now, with no significant change in parameters.
Additional devices will be RF tested.

In conclusion, five observations are in order, First, the program was construed as being
an extensive study rather than an intensive one. Thus, we tested many devices in many
different ways. However, few in-depth studies of specific device types were made, due
to lack of sufficient numbers of devices of any one type. We have therefore been able

to raise a number of issues that await resolution in an intensive study program.

Second, we felt that the overall purpose of the program was best served by taking
devices as received and committing them to the tests., This procedure gives good raw
failure data. However, it does not correspond to industry practice, Different
reliability results would be expected for devices tested appropriately for a specific
systems application.

Third, we have completed the work on the program using what we initially thought were
expeditious ways for obtaining and handling the test data. In future programs, however,
we would strongly recommend automated testing methods wherever possible, These
should be interfaced with a digital data storage, manipulation, and retrieval system.
Such a system would greatly aid in updating status files and would also be useful in
program planning and management,
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Fourth, and most important, the timely assignment of appropriate, qualified people to
the program was vital to the formation of a capable team to accomplish the program
goals. We have felt continued support and encouragement from Hughes' management

and from the cognizant people at the Rome Air Development Center.

Finally, although numerous failures have been documented in the program, no vendor's
product should be rejected because of these studies, Of necessity to accelerate the
failure processes, the devices were subjected to stresses typically far in excess of the
manufacturer's recommendations. As these tests were made on devices procured
through normal commerical channels, there is no justification for the assumption that
the reliability of the devices we tested is representative of the reliability of the

manufacturer's best product,

Also, we tested devices that were for the most part fabricated two to three years ago.
Every serious manufacturer that we know has taken steps to improve his product during
that length of time. Therefore, even normal commercial transistors purchased from the
current catalog will likely show improvements over the devices that we tested. We are
pleased to state in every case where we contacted a vendor regarding what we thought
might have been a processing problem with a particular shipment of FETs, that the

vendor sent us replacement devices without delay.

We have concluded that systems designers can now reliably specify the use of

appropriately qualified low noise gallium arsenide field effect transistors.
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APPENDIX A
TABLE SHOWING STATUS OF CHIP DEVICES FOR HIGH TEMPERATURE
CONSTANT STRESS TESTS

Table A-1 gives detailed information on every FET chip that was given a serial number
prior to assignment to a high temperature oven, The "Run No." identifies a specific

oven loading listed in Table 5-1.
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APPENDIX B

RECENT RESULTS OF RELIABILITY TESTING OBTAINED AFTER
PREPARATION OF THE FINAL REPORT DRAFT

An addendum to the term of the contract was arranged to log additional time on the
medium temperature and RF constant stress tests. The additional reliability informa-
tion was obtained through November 1980 and is presented below as a supplement to
the body of the report.

B.lI MEDIUM TEMPERATURE CONSTANT STRESS TESTS

B.l.I  Oven A at 85°C

With the subsequent addition of one biased Type A-51 FET at 85°C to the numbers of
the devices shown in Table 6-1, sixteen low-noise biased FETs and twelve unbiased
FETs were stressed at 85°C. All were packaged. At the end of the program some
devices had remained within the limits of the failure criteria outlined in Section 2.7.
The numbers of hours at 85°C logged by these FETs are shown in Table B-1 in the "Not
Failed" column.

Other devices had failed, either by catastrophic occurrence or by change in a DC
electrical parameter in excess of the specified limits. These failed FETs are
identified, and the "Hours to Failure" are shown in Table B-1. Whether the failure
seems to be primarily the result of the temperature stressing or not is also indicated.
"Set up failure” means that the device was damaged physically or electrically during
placement in the oven or subsequent application of bias. Devices with degradation
failures continued to be temperature stressed beyond their non-catastrophic failure
point in an attempt to accentuate the failure mechanism for easier identification.

It should be noted that device #3-B was carried in inventory as a Type D-22 FET.
Delidding the package and examining the chip disclosed that the device was in fact a
Type D-11 FET.

e e b & i

o g e S h

149
& , FECEDING PAGE BLAMK-MOT FILMED




TABLE B-1

FINAL STATUS OF PACKAGED DEVICES FOR 85°C CONSTANT STRESS TEST

. . Not Hours Tempfrat re-
Serial Type Biased/ Failed, to Relate: Other
Number | Code Unbiased Hours Failure Failure Failures
3 R-51 u 3,931 Open source
6 H-21 B 1,457 'DSS
7 H-21 B 331 [DSS
8-::. H-21 B 331 [DSS
8-B D-11 B 1,764 G/S Short
9-A H-21 B 331 [DS
9-B D-22 U 1,457 lDSS
10 H-21 U 1,764 Gate control
12 A-51 B 3,931 Gate control
13 A-51 B 3,148 IDS
16 A-51 B 0 Set up
17 N-21 U 1,457 ‘DSS
19 N-21 U 1,457 IDSS
20 N-21 B 4,221
2i-A A-51 U 0 Set up
21-B H-1Al B 1,457 IDS
22 H-1Al B 1,764 Lost
23-A H-1A1 U 1,457 lDS
23-B N-32 U 4,221
26 N-32 U 1,457 IDSS
30 H-1Al U 1,457 lDS
34-A N-32 B 4,221
34-B A-51 B 1,457 Set up
41 N-31 B 1,457 IDS
42 N-31 B 4,221
44 N-31 B 4,221
73 N-31 U 1,764 G/S Short
93 N-31 U 3,931 lDSS
*Note: See text.
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A summary of the observed causes of failure for each device type is given in Table
B-2. As was the case with FETs in the high temperature test, the primary failure
category was excessive change in the drain current. Although insufficient failure
information on any one device type is available for meaningful statistical analysis, the
general discussions of Sections 5.4 and 5.8 on device degradation and the effects of

test design seem to apply to the packaged FETs as well,

One valid conclusion about the packaged low-noise FETs can be reached. That is that
devices manufactured by the N Company performed exceptionally well. This finding
results from the facts that five of the eleven N-type devices survived the stress test
and that no other manufacturer's devices survived. This conclusion does not mean that
we find other manufacturer's devices inferior. Insufficient numbers of packaged
devices were tested to reach definite statistical predictions of their reliability.
Section 8.0 discusses the basis of the numbers and types of devices that were selected

for the various tests on this program.

Failure analysis of FETs from the 85°C constant stress test is given in the companion

(1)

Failure Mechanism Study.

B.1.2  Oven B at 120°C

The numbers of the devices shown in Table 6-1 for the 120°C tests total fourteen low-
noise biased FETs and twelve unbiased FETs. All were packaged. Similar to Tables
B-1 and B-2, Tables B-3 and B-4 show for the 120°C oven the status of the FETs as of

the end of the program and the categories of failures.

It should be noted that device #39 was carried in inventory as a Type N-32 FET.
Delidding the package and examining the chip disclosed that the device was in fact a
Type N-21 FET.

Compared to the 85°C results, the 120°C results showed fewer device failures at 1,457
hours, The primary failure mode was again the drain current exceeding the
specification limits. Next in numbers of temperature-related failures was the

catastrophic occurrence of gate-to-source short circuits.
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TABLE B-3
FINAL STATUS OF PACKAGED DEVICES FOR 120°C CONSTANT STRESS TEST

. ) Not Hours | Temperature-
Serial Type Biased/ Failed, 10 Related Other
Number | Code | Unbiased Hours Failure | Failure Failures
1-A H-21 B 2,439
1-B A-51 B 345 IDS
2-A H-21 B 2,439
2-B R-51 U 345 Set up
3 H-21 B 2,439
4-A H-21 B 345 Set up
4-B D-22 B 369 G/S Short
4-C R-51 B 345 Set up
4-D A-51 B 345 IDs
5-A H-21 U 2,439
5-B D-22 u 345 Set up
21 N-21 U 345 lDS
22 N-21 u 345 IDS
23 N-21 B 369 G/S Short
28 N-31 U 2,439 Lost
33 H-1A1l B 2,439
34 H-1A1 B 2,439 lDSS
36 H-1A1l U 345 lDS
37 H-1A1l u 2,439
38-A | H-1Al U 345 IDS
38-B N-32 B 96 G/S Short
397 | N-21 u 345 Ins
48 N-32 u 2,439
75 N-31 B 345 Broken Lead
78 N-31 B 2,439
79 N-31 u 2,439
+

Note: See text.
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A look at the "Not Failed" column in Table B-4 indicates that good performance was
obtained from FETs supplied by the H Company and the N Company. As explained in
Section B.l.l, we allow that other manufacturers also have good products. Compari-
son of the "Not Failed" columns in Tables B-2 and B-4 shows that N-type FETs should
certainly be included with device types considered for critical systems applications.

Failure analysis of FETs from the 120°C constant stress test is given in the companion

(1)

Failure Mechanism Study.

B.2 RF CONSTANT STRESS TEST

B.2.1 Test Equipment

A description of the RF constant stress test was given in Section 7.1. Figure B-!
shows a photograph of the actual RF test installation. Two ovens are shown, each one
configured for RF testing of five FET amplifiers. The DC terminal strips and sampling
box are visible on the footplates. The tall device on the front right corner of each
footplate is the nitrogen flow meter. A constant nitrogen purge was used to flush the
oven and keep the amplifiers clean. The nitrogen derived from a liquid source, which
was backed up with a tank that continued the flow in case the primary nitrogen supply
was interrupted. When interruption occurred, an alarm sounded to alert the plant
guard post. The guard then called one of us, and we shut down the test temporarily, if
a long outage was anticipated. A timer told us how long nitrogen had been supplied
from the tank.,

Primary 60-Hz power to the RF life test equipment was supplied through a dedicated
power and control panel, of which the nitrogen monitoring system was part. When the
plant power failed, a sensitive circuit breaker operated within a few cycles to lock out
the RF life test equipment, and the alarm sounded. Thereafter, restoration of 60-Hz
power had to be accomplished manually, DC bias was, however, maintained on the
FET gates by a battery in the gate bias supply box, shown on the shelf in the top
center of Figure B-1. These procedures gave adequate safeguards to protect the FETs
in case of unplanned power or nitrogen outages,
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Figure B-1

RF constant stress test installation.
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Also shown in Figure B-1 the shelf to the immediate left of the gate bias supply box
are the data log book and the two oven temperature controllers. By the wall can be
seen two Lambda power supplies furnishing drain bias for the two installations. A
1 kR, 2W carbon composition resistor is across the output terminals of each supply for
stabilization. Above the Lambda power supplies are the Hughes Model 1177H
Traveling Wave Tube (TWT) amplifier and the General Microwave signal generator set
at 5.69 GHz. For light loading, adequate convection cooling of equipment was

afforded in the stacked configuration.

Two Hewlett-Packard RF power meters are located on the shelf to the right of the
gate bias supply box. Ten gate bias leads are shown attached to the box. The gate and
drain bias leads are spatially spread to reduce coupling between them and to prevent

bias circuit oscillations.

RF output from the TWT amplifier was carried behind the shelf by coaxial cable to
Microlab/FXR power splitters mounted underneath the shelf. Individual attenuators in
each circuit were adjusted to provide the proper RF input power level to each
amplifier in the ovens. An RF input power level of -5 dBm was used for the Type
E-1 FET; -10 dBm was used for all other devices. RF input power drift did not exceed
0.1 dB. In Figure B-1 five FET amplifiers are operating in the left oven and two in the
right oven, with three positions unused. On the output side of the ovens additional
attenuators and 50-ohm terminations complete the RF circuit. Figure B-1 shows the

RF power head monitoring RF output power on one channel.

B.2.2 Early RF Stress Test Results

As explained in Section 7.2, we have deleted the packaged Type R-51 FETs from the
RF constant stress test, because on several devices we have encountered corrosion of
the source bond wires due to wetting by the eutectic die bond solder. Figure 4-5
depicts the problem on the same device type from the environmental test sequence.
SEM photographs of two delidded Type R-51 FETs originally scheduled for the RF
constant stress test show similar source hond wire deterioration. The SEM photo-
graphs and additional details concerning these failed FETs are given in Appendix A of

the Failure Mechanism Study.“)
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The solder flow problem in the miniature coaxial connectors that was mentioned in
Section 7.2 has been corrected by the manufacturer. Tests showed that the reworked
connectors would withstand at least 250°C, and they were installed on all RF oven
housings. However, the work described in the next paragraph was done with the old,
but good, connectors.

Considerable time under DC bias with RF input at the 200°C stress temperature was
logged on both the Type E-1 and Type D-11 FETs. The specific conditions of the test
were described in Section 7.3. The Type E-1 FET accumulated 1438 hours of
operation, and the Type D-11 logged 1087 hours. Regular measurements, usually three
times per week, were made of the RF input power and output power. During operation
at 200°C the RF output power from the Type E-1 FET had changed by less than 0.1dB.
The RF output power from the Type D-11 FET had changed not more than 0.5 dB.
These tests were terminated when it became necessary to cool the oven in preparation

for mounting additional RF test housings on the heater block.

The Type E-1 FET did not fail during the RF constant stress test. Subsequent testing
disclosed a leaky gate diode characteristic. The package was delidded and the FET
was examined under the SEM. The aluminum gate had a ragged appearance. Voids in
the surface gold of the drain and source metallizations were also noted. Details of the
observations accompanied by SEM photographs are given in Appendix A of the final
report for the Failure Mechanism Study. D

Three additional packaged FETs of Type E-1 from a different lot were DC tested prior
to being placed on the RF life test at 200°C. All three had a leaky gate diode
characteristic and were withdrawn from testing and delidded. The gate and drain
metallizations had appearances similar to those of the stressed FET. In a separate
experiment we determined that overheating of the device during assembily caused

voids in the gold metallization.

Based on our results with four devices, it was apparent that the fabrication procedures
for the Type E-1 FETs were still in the process of improvement. Consequently, as the
manufacturing process had not been fixed, life testing the current lots of devices
would have resulted in no usable reliability data. The Type E-1 FETs were therefore
deleted from the RF stress testing program.
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The Type D-11 FET also did not fail during the RF constant stress test. However,
having logged over 1000 hours at 200°C at the time the oven was cooled, the device
was removed from the oven and examined. DC testing showed a leaky gate diode
characteristic and excessive pinch-off voltage. The package was then delidded. A
slight pitting of the gold metallization was observed. No other indication of possible
degradation was present. Based on our experience with life testing the Type E-1 and

Type D-11 devices, we proceeded with testing the remaining FETs.

One Type N-32 FET was destroyed in mounting. The remaining FETs listed in Table
7-1 underwent the RF constant stress test at 200°C baseplate temperature.

B.2.3 Final RF Stress Test Results

Besides testing one Type E-1 FET and one Type D-11 FET, as was reported in the
previous section, we were able to test seven additional devices, as shown in Figure
B-1. In the left oven are three Type H-1Al FETs and two Type D-11 FETs. The right
oven contains two Type N-32 devices. Table B-5 lists the final status of the nine
packaged devices that were stress tested with RF input and 200°C baseplate
temperature. The RF input level was below the gain saturation point of the FETs.
Failure criteria were taken from Table 2.8, All failures were of the gradual
degradation type, and no effects that could be ascribed specifically to the RF input

were observed.

As shown in Table B-5, the degradation modes of the last seven devices were device
specific. The two Type D-11 FETs failed by having the specific drain current Ins and
saturated drain current IDSS change excessively. The RF gain remained within
specification.

One Type H-1Al FET had excessive changes in IDS and IDSS’ while these parameters
remained within specification for the other two Type H-1Al devices. The RF gain

remained within specification on all three Type H-1A1 FETs.

The measured DC parameters remained within specification for the Type N-32 FETs.
RF gain remained unchanged.
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TABLE B-5
STATUS OF PACKAGED DEVICES WHEN THE
200°C RF STRESS TEST WAS TERMINATED

Not Hours RF Gain,
Serial Type Failed, to dB Failure
Number | Code Hours Failure Initial Final Mode

IR E-1 1438 5.4 5.4 Leaky gate
2R D-11 1087 6.8 6.4 Leaky gate
3R H-1A1 477 3.6 2.9 MDS’ AIDSS
4R H-1A1l 477 1.8 1.2

5R H-1A1 477 2.0 1.3

6R D-11 477 4.0 3.5 MDS’ MDSS
7R D-11 477 4.6 4.6 AIDS, MDSS
SR N-32 452 4.0 4.0

9R N-32 452 4.0 4.0
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The reliability investigation of FETs under temperature stress with normal RIF power
applied gave results similar to the inedium power FET refiadility tests reported in
Section B-1. Best performance was obtained from the Type N-32 FETs, with the Tyvpe
H-1A1l devices a close second. Including the Type D-11 FETs, no device exceeded the

RF failure criterion of - 1 dB change in gain.

Failure mechanism studies of the #1R and #2R devices are given in the companion

“). Device types included in FETs # 3R through #9R alread

Failure Mechanism report
have been comprehensively analyzed in the high and medium temperature stress
investigations. We did not expect that any new, useful reliability information would
emerge from demantling these devices and subjecting them to more study, as none ot
the devices had failed catastrophnically or even had more than nominal degradation in
drain current. Therefore, these devices were not delidded and examined further, but

were retained intact for subsequent use.
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